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‘] ’]lis ]Ia],cr dcscril)cs lccy f e a t u r e s  of tl]c  illstrulllcl[t ,  s]lacccf  aft, aTId llliSSi  OIl dC!SigIl  for t]IC ]’rCCiSiOll  ()]]ti C.a]
INrl’crfcnmnctcx  ill S])ac.c (1’OIN’l’S),  wllicll  lIave  e v o l v e d  t}lroup,]l sludics at tlIe  Jd l’rc~]~ulsioll l,al, oratory duri]lg tlIc
last, fcw y e a r s .  ‘J’llis ]la])cr  coln])lc]tlcnts c)tllcrs  ill th is  VOIUIIIC that drxcril)c tfIc I’OIN’J’S  illstrul[]cllt, i t s  s c i e n t i f i c
ol)jcctivcsl  alId  sl]ecifk cnginccring  c.onccr]ls. l)csigll of Llic fligllt-systcrt) cc]nfiguration h a s  lIcctI drivc~l lIy scwcral
co)lsidcrat,iol)s. Siuc.c tlIc  II IOSt altll)itious sc.icllcc gc)als require access to a Iargc lmrtioll  of tllc sky IIIOSt of tllc tilllc,,
I]tillilllal sysknnatic errors, and a  10-year  IIlissic)]l life, a lligll l(;artll  orl)it,  (Iliglicr tllall 5 0 , 0 0 0  kr[l)  is ]Jrcfcrrcd; tlIe
]Ioll]illal  lIas  IICCII take)]  tc) I)c a circ.ulal orbit c)f 100,000  -kl Il r a d i u s . III order tc) Ilrovidc a  v e r y  ulliforlll  tllcr]llal
cllvirolllllcllt for tllc ins(rutllctlt, a solar sliicld su])])ort)l]g  all al ray of solar CCIIS is II IOU IItCd 011 a 1)00111  a]ld  giInl)allcd
alol Ig twc) axes  scI as to re]naill ]]oilltcd  at tllc ,Sul I and to }Jrovidc constant slladc for tlIe  clltire s])ac.ccraf’t.  Sillcc]ll CCIIS
covcrillg s h o u t  85%  of !IIC roup;hly  4.8-11-l- clialllctcr sllicld  al]d ol)cratil)g  at al)ou( 1 0 0  dcf; (; c.c~uld su])]Ily  suflicicl)t
])owcr  for a 1 O-year rnissioll  life. A  u]lil~ody  dc.sig[l w a s  sdcc.tccl  ill wllicll  tllc i]lstrutilcllt allcl sj]accc.raft lJUS a r e
s o l i d l y  attacllccl to form a  sing]c rigicl bc)cly. 1111 IIoilltilig frcdc)]ll for tlIe itlstrurtlcnlt is ])rcwidcd  l)y artic.rllatioll  o f
tllc solar  sllicld al)out t w o  axes I)lus  roll c]f tllc c)ltirc s~)acccraf(  amulld tllc Sul I dircctio]l. Wit,]l  tllc lliF;ll orl)it and
SIIII facing, gec~llletrically  silnl)lc s])acccraft collfiguratioll, tllc dl’ccts  o f  sc)lar r-adiatioll ])rcssurc tflc oIIly si.gllific.ant,
cxtcrllal disturl)allcc t o  s]~accc.rafl  accclcratioll cfi II I)c II Iodcld accurate ly  elIou  F,l I to guara~ltcc rIo cc]l[lprolllise  ill
tlIc  accuratjc vcloc.ity  dctcrminatiol)  lIccdcd  to c o r r e c t  ast<rolllctric  Illcasurctllctlts for sicllar al)crratioll.

‘IilIe ])riltc.il)al  ~nccllallis]tls  f o r  l’OIN’l’S  iIlcludc that, wllicll  acc.olll])lisllcs  tlIc fcw-dcgrcc articulatiotl l)ctwcmI  tl]c
two orlfliogo]lal  i]itcrfcrc)Itlc tcr~, tlhe twc~ gi]lll]al  actr]ato]s I)ctwml tllc solar sllicld and tlIc s}~acccrafl,  and tllc rcactic)ll
WIICCIS used for s]]acccraft attltudc c.c]lltrol. ‘1’lIc dcsi[~tls for tllcsc arc discussd. (;old-gas tl)rustcrs IIavc  lIcclI iltcludcd
for sj, acccraftj  a])gu]ar lnol]lclltul[l  ]Ilal)agc]i)c]lt, altl]ougll solar- ])rcw+urc torque also COUICI  I)c used fol axes ot]lcr tllall
tllc SUII li]lc.  A layered tllcr]nal ccn)trol  systml)  ])rovidcs  I[lillidcgrcc tctll]lcraturc stal)ility over ]~e.riods of u]) to several
hours for critical i]lstrl]]nc]lt  optical clcll)mlts.

SyskIIIs issilcs cliscussd h e r e  itlclude lau]lcll  scqucIIce,  })owcr rcquirc]l)e])ts, sl)acccrafl velocity (Ictcr][litlatic)llj
RI ICI tclclnct,ry  and data storage. ‘J’lIc ])ro])oscd  laullc.11 vclliclc  i s  all Atlas IIAS with a  [;clltaur u])])cr  s t a g e ,  ])Ius
a  solid -fuc]  rc)ckct  IIlotor fc)r orl)it circolarizatic)ll. S])acccraft v e l o c i t y  (Ictcrllli)latic)ll is accc)ltl]]lisllcd  I)y t,rac.king  a
( ~ 1 ’ $ ; - l i k e  Ilcac.oll C)II the sl)ac.cc.raf(  with tllc cxistillp,  g,roIIIId-l)ascd  IIctwork  of (;1’S  rcccivitlg aIltcllIlas. ‘J’llis IIictllod
is ]):rcdictcd  to l)c easily ca])al)lc  c)f clct,crlllillillg  vc]oclty  to all accuracy of 0,6 111111/s,  su[licimlt to corrcc.t  for stellar
al)crratic)ll to 0 .4  lllicrt3arcsccc)ll(ls  (l{as).  ‘1’clc]llctry  rcquirclllcllts call  IIC ltlct witli  S- or X-l)a]ld  downli]lks to cxistillg
r,rolllld-1.)ascd  alltcllllas, and data  stjoraF,c cm tllc s~]acccraft  call be lIaIIdlcd  wit]) a LOO-l llcgallytc s c ) l i d - s t a t e  lncl[lory.,. .
SUCII  as t,llat, I)ascl]]lcd  for tllc u])co]IIll  Ig (;ass]]l) lIIlsslol  I.

1. lNrJ’ll{)l) lJC:rJ’lo  N

Si]lcc  1989,  NASA’s Jet l’ro])ulsioll ],al, oratory pJ}’],  and tllc S]llitllso]liall  Astro]ll)ysical ol)scrvtrtory (SAO) IIavc
IICCII  c.ollal)oratillF;  011 tlIc  dcsigtl  of and tcc.llllolo[ly  c cvclo]~jllcllt  for all orl)ititlg astro]llctric i]]tcrfcrol]lctcr that wc)ulcl
I,c ca])al~lc  of cst,al)lisllillg a glol)al  o])tical rcfcrcncc fral[lc and l]lcasurirlg allgu]ar  ]~ositiolls  of roughly 1000 aclditicjllal
stars altd astro]~llysic.al  ol)jccts wit]) a IIolllillal  IIlcasurctllcllt  ]Jrccisio)l  o f  f i v e  l)licrc)zircsccc~llcls (5 I(as), in a IIlissioll
lastilligscwcral years. ‘l’c) serve as  tllc l~asis for a dcfitlitive scarcll for giant l,lallcts around otl)cr s tars ,  c~l)scrvatiolls
would  ]Iavc to I)c rq)catccl s e v e r a l  tilllcx ]~cr year  for as loll~  as 10 years. 1 ‘1’lIc l~asclitlc  illstrutllcllt c.oIIc.c])t  IIas lIccn
SA()’SI’()IN’1’S (1’recision ()])ticallN’ l’crfcrolllc tcrill  S]~acc). 2 ‘1’IIc I’OIN’1’S  collccl)t,  c,rigi]latcd in tlIc lllicl-l{)70s  asa

IIICa IIS to ]Icrforlll a stringent ]ig]lt-c lcflcctic~ll  test of gcllcra] relativity Ilcar t}lc solar lillll). ‘+ ,Sillcc tlIc II, it IIas evolved
alId is fast ac. quiritig  cllgillccring  IIlaturity as all i]lstrull)cllt  ca]~al)lc of l)rovidillg conclusive cvidellcc of tllc ])rcvalcl)cc
of })lal)ctary systclIIs and of ]Jcrforljlillg a variety c)f furldal[lclltal  astro])llysic.a]  IIlcasurc]tlctlts.

l)urillg tllc last tlircc years, J]’], IIas ulldcrtakcll dcsigll  and analysis of tllc s],acccraf{,  and illstrulllcllt collfiF;urat,  ions
f o r  1'()1 N'l`Sallcl  cxallli)latiollo  fcritic. alc)]~cratic]llaliss llcs for a I’OIN’J’S  ]Ilissioll, 4 ‘1’liis ])al)cr  ofl”crs a I)ricf overview
o f  s:)Inc  of that w o r k .  Scctio]l  2 clcscril)cs  tllc currc]]t sl)acccraft fli~,llt-systclll c.c)llfiguratiol], illc.]ll(lillg  cwcrall  dCsigll
d r i v e r s  and trade- of]”s.  Scctioll 3 dcscri})es  tllc ilwtruil)cllt  collfi~ura(ioll, itlcluding  tlIc  llousill  F,, o])tical l)cl Icl Ics, and
tllc IIlccllallislll by wllicli  OIIC illtcrfcrc)lllctcr  i s  a r t i c u l a t e d  r e l a t i v e  t o  tllc otllcr. Scc.tioll  4 dcscril, cs a t t i t u d e  and
ar t icula t ion  contro l ,  including ovcral] rcquirc)ncllt,s, actuatc)r dcsig; ll, and s])ac.ccraft,  a]]gular ]Ilc)]l)c]lt,u]ll llla]lagc]llcl)t.
Scctioll 5 desc.ril,  cs tllcr)na] c.olltro] f o r  tllc s], accc.raft  slid instcurtlcllt, wit]] clll]~tlasis  011  t,llc stratcF,y fc)r ])rovidillg



,

lllillide~,rcc  tcllll]cratrlrc c.olltro] f o r  c r i t i c a l  ol)tical clcIIIclIts  ill tllc irlstrulnellt. Scctic]l] 6 disc. r]sscs scwcra]  systcIIIs
issllcs, l]lcllldill~,  tl]c  lau  IIc.11 sccIucIIc.c, t~owcr rcquirclllcllts, sljacccraft vc]ocity dcter]llillatioli, a!ld  tc]mllctry  and data
storaf,c.

2. SI’AC~lI;C:l{.A II’rl’ ll’I,IC+II’J’-S>’  S’1’1I;M  C: C) NII’l  C;lJl{.A~’loN

‘J’IIC atill]itious sc.ic)lcc goals for I’OIN’JY52’G iltl])osc  a variety of rcquirclticvlts 011 tl!c  ilistrutllcllt, sl,acccraft, aIId
]Ilissioll,  ‘1’]]csc i]lc]ude  zrcccss to a ]argc fractio]) o f  t]Ic sky  Illost of t]Ic ti]]]c; a lc)~~-clist(lrl)allcc  cnviro]l]tlc]lt for ttlc
s])accc.raf~, and illshu]tlcllt; tc]cl]]ctry and d a t a  sk]ragt collsiskllt witli  a  fcw IIulldrcd lncgalyks c~f d a t a  l)er  dqy;
})rccisc velocity (Ictcrlllillatic)ll to correct for sl,cllar  aljerratioll a t  tllc s(ll)-]lli  crc)arc.sccc]llcl IcVcl; altd a  IIlissioll  Ilfc
o f  b to ]() years. NA!SA’S  d e s i r e s  that SUCII a Illissioll  cost, IICI IIlorc  than al)out $ 4 0 0  loillio]l ( e x e . l u s i v c  o f  laullcll
vcllic.lc)  al}d r e q u i r e  oIIly all illtcrlllc cliatc-si~jc lallllcll vclliclc ill)l]osc collstrail]ts 011 sl)acccraft and instrulllcllt I[lass,
si~,c, co]lll)lcxity, and tcclIIIc Ilo F;y IIlaturity. ‘J’l Icsc rcquirclilcllts all(l cc)llsLraillts  ICVICI  to a ll~lllll)~r c)f [Icsig,ll drivers all~l
trade-ofl’s, sol IIc of wllic.11 arc suIlllllarixcl I)clow.

2 . 1  Orl)it c.lloicx:

‘J’]Ic dcll]al]ds for target ac.ccssil)ility,  a ]c)~~-clist~trl)allcr, tllcr]llally quiet cllvirollli]cllt, and a lol Ig lllissic~ll life arc
I)cst  IIICt wit]] a  ]Idioccntric orl)it c)r a  ]Iigll l’;artll  orllit. ‘J’]Ic ]oIIg Illissioll  life  and ]argc quantity c]f d a t a  IIlakc  a
IIrlioce]ltric orl)it ]Irol)lclnat,ic,  sirlcc  tllc sl)acccraf~  WONI(l  drill as IIIUCII as OIIC All fro]rl  l;arth c)vcr a  I O - y e a r  Itlissicm.
A  IIigll l;artll orl)it ]IOSCS  difkmnt cllallc]lgcs tllal] CIOCS  a  l o w orl)it for  sI)acccraft aIlgl]lar- ]Iic)]tlc]lt~l]Il ]Ilanagc][lc]lt
a])d tclcullctry, a]ld it i]I1])oscs ll)orc severe co]lstrai]]ts 011 i]lstrutllcnt ]I}ass, lhrtl]erlrlorc, si]lcc  the rcquird cc)rrcxtioIl
t,o as(ro]]letrlc ]I)casurc]l]c])ts  f o r  stc]]ar al)crratioli scales wit]l  t]lc sillc  o f  L]IC angular sc]]aration I) CLWCCII  Largct  and
rcfcrcllcc stars, a wideallglc  illstrulllcllt SUC]I as l’OIN’J’S  r e q u i r e s  )Ilore  a c c u r a t e  orl)it clcterlllil]atic)]l  t]lall would  a
IIar]ow-allglc illstrultlcnt; tlIus, vclclcity  (Ictcrlllillatic)ll ac.cllracy  lIIust I)c I)ctlcr tllall 1 .b lIIr II/S for sill)-ltlicrc)arcsccol)cl
c.orrcctio)l.  Sillcc  cac]l o f  L}ICSC c]lallcllgcs is IIlct  wit]] t]lc  c u r r e n t  I’OIN’J’S dcsigt]  (as  dcscril)cd I)c]ow),  tllc I)cnefits
d a IIigll l(;art]l  ork)it call IIC cx])loitcd. Alt]loug]l  a!ly orl]it, al)ovc  al)out,  5 0 , 0 0 0  kIII w o u l d  suflicc to cllsurc illfrcqucllt,
ccli]ms and low colltalllinatlic)rl  h a z a r d ,  tllc IIc)llliilal clloicc, wllicll  allows for co]lscrvative  dcsigtl  IIlargills, is a circular
clrl)it  of 100,000 -k III raclius.

III order to acl]icvc  IIlaxilllal scic)ltific rctunl for a s])acccl  aft of a ])artic.u]ar size and cost, t]Ic dcsigl)  of a llig]l-
accuracy astroltletric il)strulllcllt calls fc]r IIig}l dilllcllsiollal  stal)ility for ccr~aill  o])tica]  clc)llcltts, w]licll  ill turn requires
a lcl~t,-(llstl]rl~a)lcc  cllvirolllllcnt.  l~or tlIc s))lall  l) OIN’l’S  i]lstrulllc]lt  [O I]]cct  its I I  IOSt alnl)itious scicnlc.c gc)als, CJIIC o f
tlIc lIIost  delllal]dillg  c)f tllcsc rcquircltlc]lts is local tc]lll]cratrlrc stal]ility ill tlIc  rallgc c]f a fcw Iilillidcgrccs  for  several
o])tlic.al  clclllcl)ts, for ])criods  of u]) to several IIc)urs. ‘J’llis is  faci l i ta ted ill j~arl  lIy tllc fact that, ill t]Ic l’OIN’J’S  dcsip;tl,
tllcsc o])ticfil  clcIIIclIts  a r c  slllall and Iluried dcc]~ witllill tllc illstrl]lllcllt. ‘Jo fui-t]lcr  aid ill ac.])icvi]lg  this stal, ility~ it
w a s  dccidcd to l~rwvidc ])cmllancnt slIadc for t]lc  cl)tilc s])acccraf[ (itlstrulllcl)t ]JIIIS IJIIS)  wit])  a solar s]licld, su]l])ortlng
all array of solar cells,  that is IJloulltccl  011 aII cxtc]ldcd 1)00111. ‘1’0 guarantee full  slladc at all Lill)cs for tllc sl)acec.raft
aIId 11001111  tl]c  sllicld  radius 1/ (tllc sllicld is assulllcd c i r c u l a r  llcrc) and IJOOIII lcIIgtlI  1, II]ust  s a t i s f y

II’ Cos g - IZsit]g  > ,S’ , (1)

w])crc  ,9 is  tlIc  Illaxinlullt  ])rojcctcd dilllcilsio]l (rddius) o f  t]Ic sj]acccraf{ ]Icr})c]ldiccllar  t o  tlIc 1)00111  (})ara]]c]  t o  LIIC
s o l a r  sllicld), and g is tlic dcsird clcaral)cc al)glc  frolt)  Ilorlllal s o l a r  itlcidcl)cc. ‘J’]Ic allglc g is 011 t]lc  order of a fcw
dcgrccs; it illcludcs allowanc.cx for  sl)acccraf[ attitude vfiriatiotl,  ])eflutill)ra coIlvcrgcl)cc, al]d  safety IIlargill. l{cferril)g
to tllc IIc,lilillal  configuratio]l SIIOWII ill l’igurc l a , ,9 is  tllc SIIIII  o f  tlIc  1,0011)  widt Jl d a t  t h e  ‘(cII)ow” I)ctwcc]l  t]IC
t w o  solar- sllic]d  gil]ll~als  and tllc rclot-still]-s(lllarc of tllc itlstrulllcrlt llousil]F, raclius aIld  IIcigllt. ‘J’]Ic llc]usillg  radius
i s  liltlikd to al)out,  1.8 I I I  l)y tllc A t l a s  IIASG fairillg, and t]lc  ]Iousillg  IIcigllt  i s  al)out 1  I I I.  (.$cc Scc.tioll  3.] .) lror
tllc IIo)llina]  cc111fiF,llra41ic)ll, 1{ = 2,4 III aftd  1, : 4.35  I I I;  tlllls, if g is  al]owcd  to I,c a s  lnrgc a s  2 dcg,  t]lc l) OCIIII C]I)OW
widt]l d c.allllot  cxcccd  al~out  ]8 CIII, w’]lcrcas d could  I)c as ]arp,c as ?6 CIII if g d o e s  )Iot cxcccd ] deg. ‘J’llis col]straillt
lIas  il]l])ortallt  colIscqI.IcIIccs f o r  tllc villratiol]al cl)aractcristics o f  tllc s]~acccraft, sil)cc  1)00111  l)clldillg allcl t~vistillg

frcqucllcicx scale roughly as lo If~~’+f?/(j,:+l~]{)  all(l ‘U) l/2(1:+/Y/(1,11~/(7),  rcs])cctivcly, for a uIliforltl lIollow  l)oolII w i t h
wdll tllic.kllcss  u), and sllicld  I)clldillg  frcqucllcies  scale  louF,l Ily as 1{/1{2 for a sl)icld  c]f Lllickllcss  II.

l,argcr clcarallcc allF,lcs froll)  IIor]llal  s o l a r  illcidcllcc would  r e q u i r e  t h a t  tllc s o l a r  sllicld bc IarF;cr,  i]] c]rclcr to
IIlailltaill slladc for t]l: illstrulllc]lt for a]] illtcrfcroll]ctcr oricllta~ic)lls.  N o t e ,  ]Iowcvcr, that 1{ > 2.4 111 would  r e q u i r e
dc]Iloy  II IcIIt o f  aII cxtcllsic)l]  tc) tllc IIolllillal  sllicld ,  siljcc  1{ : 2.4 I I I  corrcs])ollds t o  tllc IIlaxilllulll  sim t]lat CaII IIC
ac.c{:)lllltlcl(latc.cl  ill t]Ic ]aullc.11 corlfiguratioil  (SCC Scctio]l  ?,4), ‘1’]Ic altcrllativcs to illcrcasillg s o l a r  s])ic]d  s i re ,  ill o r d e r
t o  :allow Iargcr clcaratlcc allp,lcs and s t i l l  IIlailltaitl  slladc f o r  tllc sl)acccraft for all illtcrfcrolllct,cr  oriclltatio]ls, a r c
Ullticcc])tal)lc; a  sl]orter lloo]II wolllcl colll])ro]l]ise  tarcct acccssil)ilit,y  ( s e e  Scctio]]  2,3), rrl Id a  t,lli]lllcr  lIoolll  Jvollld
coll]])rolllisc stifl’tlcss.  l]) general ,  tllc clioiccs  fc)r l)oo III lcllp,tll  1,, l)ooIII width d, aIld  solar- sllic]d  radius II’ IIlust  s a t i s f y
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11’ip,.  1 a .  I’OIN’J’S  s],accc.raft,  f u l l y  dc])loycd.  Solar
SIIICICI  r a d i u s  1{, suppcmt  booln le]I~th  1., and  l)ootll  cl-
how  dialnctcr d arc defined iJJ ccl. (]) and surrounding
disc. ussioll.

Fip;. lb. l’OIN’J’S  s])ac.ccraft, fully dcllloyccl,  dulil~~, a
slew.  S1,ac.ccrafL L,us i s  sllc)tvll attactlccl t o  tl]e ills(lw
IJ)C]J!  IIousillg.

tllc colnl)incd rcquircvncnts  011 sltadc for LIIr s])acccrafl, l,ar~,et acccssil)ility, allcl o v e r a l l  ~~il)ratiol]al  cllaract,crist, ics,  a s
WCII as tlic const ra in ts  illl])mcd L)y lau]lcll-vcllic.]c  si~c.

‘1’0 aid ill lnaiutaillil]g  a vibratiollally quiet cuvironlllcllt  for tllc illstrulllcllt, it wa.< dcc.idcd  tc~ ai,tacll tlic s], acecraft
l)us  ri~,idly  tc, t,llc illstrulncnt Ilousing,  and to articulate t}IC solar sllicld re la t ive  to L}lc mlt,irc  sl,acecrafl, via two  si])glc-
a x i s  glllll)als, w h i t . l i  gcI tllroug;ll  t,l Ic s]lacccraft,  ccl!t,cr of lllass (tllc n alId  P a x e s  idc]itifled ill I’ip,urc  1 a ) ,  l’;arllcr
Co]lc.c])ts Lllat  i]lvolvcd  articulatiol~  c]f the i]lstrulllmlt  relative tc) tlIc  s])acccrafl bus were rcjcctcci ill favc)r c]f tllc c.urrcrlt
uriildy c]esiglt iII w])ich o n l y  tJIc s o l a r  s h i e l d  i s  giltll~allcd,  ‘J’]lis dcsig[l  ~nilii]llizes  laullcll  lc)ads  t}lrc~up,ll  tllc F,illil)al
actuatc]rs as  wel l  as  slruc.tural flcxil)ility I)ctwccll  tllc i)lst,rutllclli,  alld  rcactic)ll  W] ICC]S, and is fzzvcIIcd  by fllldillgs  tl]at
illtcrllal vil)ratiol}al  distur})arlces (I]rimari]y frolli  rcactic~ll W,] ICCIS) earl I)e jso]atccl  cfl”ectivc]y  a t  t]lcir sourc.c.  ]t alscI i s
tllougllt tO IIlillil[lim t,llc maw, colll])lcxity,  and  c o s t  assoc. iatcd Jvit,ll t])c gillll)al IIlcc]lallisllls. (] ’or f[lrt]lcr disc[lssic,ll,
scc Scc.t,ioll 2.4. )

SilnI)lcr cc,llfi~uratiolls  illvolvillr,  bo(iy.lllolll)tcd  01 sillg]c-  axis-  r,illlljallccl  solar l,allcls cc)vcrin~  )Illl]ti],lc sides of ttIc
~l)iiccc.rtift  }vcrc  rcjcc.tcd  i]) f a v o r  o f  t,]Ic i,wc)- axis.gi))l])a]lcd, Sllrl-orlcllt,cd  Sllicld l)cc.allse  t])c  forlllcr suflcrcd  fro[Il  several
disadvalltagcs. F i r s t ,  bot]I  ])oint,illg, ca]]ability and tarF,ct, acccssiljility  I\,ould  ])c IIlore  ]illlitcd (SCC  Scctioll 2.3 l)cIow).
Scc.olld,  t]lc instrulnmlt  tllcrlljal cllvirollll,c~lt  \IIOII]d l,c  ]CSS  ul,ifor][t,  and t)jcrll]a] crca~ a])c] fla]~ of t]lc a r r a y s  COUld
dc,gradc  ])c)illting  stal)ility. ‘1’llird, sillcc  o]ily 30% to bo(fi o f  LIIC  s o l a r  CC.lIS  WOUld  ]IC  ])tc,vidilip,  ])c)l~rcl  at, ally  t,illle,  tlIc
t,ol,a] a r r a y  IIlass would [)c g r e a t e r  \Jy :is II IUCII  as ?,()(]  ~r,, A fllrt,llcr  collsic]cratiol] ill favor of ~]IC r,c’o~[lct,rica]]y  Silll])]r,
Sllll-facillg  collfiguratio]l  i s  tllai,  i t  ])C1lllit,s  acctlratc Illodc]illr,  (t,o \)cttcr t]lall h~)) ~,f t]l~ Cfl’CCtS  c,f SC,]aI  radiatiol!
])rcssurc, tl)c only’ sig~lific.a[lt  Cxtcrllal  SOUICC  of  er ror  ill IIlodclillg  tl)c  spaccc.raft accclcratic~li.

2.3 hflaximu~]l taI’gct ac.cc:ssil,ility

‘J’c)lllaxill~i  zcsc.icllc.c  r e t u r n ,  a  larF,cfractic)l lc]ft,llcskY  SIIOIII(l  I)C  acccssiij]c  (c,  (Ilc  il]strlllllc]lt  at al]  tillics.  ‘1’llis i s



cs])cc,ially  t,ruc  in a scarcl I fcw other IJlanct, ary syst,cl IIs, wllcrc  l a c k  c)f ac.c.css to tllc sky  ]Icar  Lllc Suil  would  i]lil)osc  0]1
(lIC d a t a  a  window wit])  a]) allllual ]jcric)cl. ‘J’lIus, CJ],C woulcl l i k e  to IIli]iit[lim  tllc Sull-avoidallcc  allglc A (tllc C. IC)SCS(
citllcr intcrfcrolllctcr can  l o o k  toward tlIc  SUII dircctic)~l),  witlloui  cxlJosillg  LIICI  sl)acccraft c)r l~c)oIII to  (IIC ,SUII. AI  I

aj)])roxilllak I[lcasurc (of targ;ct acccssil)ility  i s  ]Irovidccl  I)y V  : ccmz(A/2), t,]lc fracticjlla] so]icl allg]c c)f sky  a~c.~ssil~]~
to citllcr illtcrfcrc)lilctcr.  l’or IIc,rlnal  solar  IIlcidc)lcc,  tllc avc)idallcc  allglc AO is  re la ted tc, lJool II lcnp,t]) 1,, sllic.ld radius
1 { ,  and l,c.r])cnldicular  clistauc.c  Y’ l) C(WICC]I  tllc s])acccrtif( cclltcr-of-lllass  and Lllc o]]tic.al  axis  of  tllc tclcsco]le Ioc,liirlg
Clclsc!st  (C1 (IIC Sun  hy

IJsil)  Ao I{ C. OSACI  = 7’ . (2)

‘J’]Ic actual  avoid allc,c allglc A ltlay I)c slllallcr tllall ACI to tlic cxtcl)t that dcwiatic))is  froltl IIorlnal illcidcllcc do not

cx])osc  tllc spaccc.raft o r  I)ooln  to tllc !3ulI; tlIus, IF > VCI : CCJS2(ACI/2),  11’c)r  a givc]l  avoid  allc.c allg,lc AO, clcarancc angjc
g frolll IIorll]al solar inciclcnlcc,  allcl I)c)c)itl c.ll)ow wid th  d, tl)c  ccnnl)illcd  cc)llsLraillts  c)f ccluatio]ls (1 ) al]d  (2) }Jroducc  a
falliily of allowal)lc values  for  1/ ancl ),. l“or the I)c)][li]lal cc)]ifiguratio]l,  wit}l 7’: 1.125 11 1)  d: 18 CIII, allcl g = 2  dcg,
A . x 42 dcg, l[lalii~lg  at least 87% of tllc sky acccssil,lc at ally  ti]nc to cac.11 illtcrfcrc)ll]ctcr.

‘1’IIC fractic,~l  d sky  ac.ccssiblc  to cacll  illterfcroltlctcr at ally  ti]]ic (tllc quantity  V O )  call I)c illcrcascd s l i g h t l y  fro]]]
tllai ]]rovidcxl  I)y t)llc IIoll]inal  confip,uratlic~ll, l)ut it r e q u i r e s  collsidcral)lc illcrcasc ill I)oc]ln lcllgtll 1,, wllic.11  ill tur]l
rcquircw  all i]lc.rcasc  in lJool II widt Jl c 1  in c)rclcr to Irlaintai]) s(ifl]lcxs. Pc)r cxa~[l])lc,  tlIc  allglc AO  call  l)c rcxluccd  to
al]c]ut  40 dcp; tc) g i v e  V. = 0.88  wit}l d  z ?4 CIII, 1:  :  4.7 III, and  1/ y 2 . 4 7  III (assulllillg g = 2 clcg). l’u~t,llcrlllorc,
tllcm clloic.cx w o u l d  r e s u l t  ill lligllcr fullda~llcnltal  vll)ratlollal frcqucnlclcs  tllall w](l) tl)c nolllinal c.c)nfiguratloll.  N o t e ,
IIowcvcr,  that 1, = 4 . 7  in ccmrcs]jculds  a}~}lrc)xill]atcly tc, tllc lo]lgcsi l,OC)]II ( i f  fo]dcd  ill o]lly  OIIC ],lacc) t h a t ,  call  bc
accollllllc)datcd  ill tllc laullcll co)lfiguratic)n.  Siltlilally, sillcc  tllc lau~lc.1-vchiclc  confi~uratio]) can~lc)t, acccntllnodatc a
c i r c u l a r  s o l a r  sllicld wit]]  It greater  tllall al~out 2.4 II], tllcsc c.lloiccs w o u l d  rcc]uirc  a Ilollcircular sliicld or aclditiolial
dc])lc~yal)lc ‘[ull]l)rclla”  to })rovidc  all cffcc.tivc  1/ c)f al)c]ut, 2.47 Ill. (See Scctioll 2.4. )

2 . 4  S])ac.c!cn’af(  Cxmfigm’atioll

‘lIIIC l)c~ll]inal l’OIN’l’S  sl,ac.cc.raft  c.ollfiguratioll  issllowll ill ]rig;urcs  laf. l“igurcs  la and II, SIICNV LIIC  s])acccraft
as it wc)u]d ap]~cxir duJillg tllc lnissioll,  wit$l]  tllc instrulllc])t and sc)lar sllicld  it] two  c)f a var ie ty  of  ])c)ssil~lc c)ricnltatic)lls.
'J`llcllc,lt~ill  alcol~figLlra,tiolil  lasa4.8-ll]-c lialllcterci  rc~llarsc  )larslliclcl allclasillglc, llclllo\\' gra])liitc-c])cl  xyl]c)c)1ll4.35ltl
10]l[; , with square c r o s s  sccticnl 18 c.111 011  a  s ide  and w a l l s  3.b 111111  thick (Ii’ = 2.4 II-I, 1/ = 4.3b  Ill, d = 18 CIII,
v, z 3 . 5  11111]). ‘J’llc gi)ll-]l)alsllavc  l)ccll arrallgcxl  s o  t h a t  tllcir a x e s  ],ass tllrc,up,ll tllc s]~acccraft ccnltcr  c,f IIlass, wllic.11
silll])lifics slladillg gcol[llct, ry and rcduccw cxcitatic~rl  c)f tllc scjlar  shield and su])})c)ri, l)oc)lll fc)r tw,o c~f tllc tllrcc a x e s  c)f
sj]accc.raft,  slcxvil]g, ‘J’lIc rdat, icnl c)f tllc gillll]al  axes  tc) tllc illtcrfcrc)ll)ctcr c)]jtical  axes  (illstrulllcllt l]orcsigllts) is suc.11
that tllc su])]]ort l) C) OII-I IIccd not, olmcure  target  stars.

NAS’1’ILAN  ~llalyscs illclicatct  llattll isccl)lfi~,~lr:itic]  Ilca~ll)c lllaclcsti flcllotlgl)tlla  tallsl)ac ccraft,vil)r  atic'llal1[lc)clc
frcqucnlcics  arclllglicrtllall al~out211z, with tllclcmmt lllc]clcs (lcllllillatc(l  l]yl)c~c)lll l]cl]clil]p,. ‘I’llcfrcclllcrlc.  ics c)f tllcsc
liIodcs c.c)uld l)c ralscd wit]l  a variety of straiglltfc)rward  IIlodificatic)lls  (all afl’c~rdal)lc to tllc s]]acccraft IIlass,  sire, a]ld
cosl Iludp,cts), i]lc IIlc)st ol~viclus c~f wliic.]1 would  i~lvo]vc a tllickcr,  stifl”cr I)c)o]l] a])d a IIol)-circular solar sl]icld  or s[oall
dc])loyalllc ulnl)rc]la  t o  ]~rovidc  t,llc rcquirccl  additional slladc; da~tl])illg  c.c]uld l)c ill)])rovcxl I)y c.oatillg  tl]c I)OC)IIJ. ‘J’IIc
o]~tic)ll  c~f a l]l~llti-arlt~sll]~])ort  s t ructure  to inc.rcasc  stiflltcss was rcjcctccl  I)cc.ausc  c~f tllc illcrcascxl  sky c)l~scuratioll  and
II]ass. 'l`llcrcc]llirclJlcllltjso)ls])ac.cc.raftvil)ratic)llalc.llar:ictcristic.sarcclri\cllllltill1atclyl1ytllcclcsirccl  ra])i(lsc.llccllllilig
c)f scicllcc olmcrvatiolw all average  of  aljc)ut  3 Itli]lutcs l~ctwccl] tllc co)ll])lctiol]  of cn]c Crlmcrvaticlll  a)ld tl)c start C)f
allotl]cr, witJl  tllc a v e r a g e  slcnv bctwccll olmrvatic)lls Ilcirlg  al]cjut, ?b d~g. ‘J’llisra])id scllc(ltllillg,cc)~llcl  I)c]llet with tllc
llc]ll~illal c.c~llflp;llratic~ll,  uslllg avail al]lc ])assivo  isolatic)]l  tcclll lology  for IIltcrllal disturl)zrTlcc  sc)urccs  (])rlltlarily rcactioll
Wllccls).

l’i~,llrc  Ic. SIICIWS tllc I’OIN’1’S lau]lc.11 ccnlfiguratioli, ])ackap;cd tc) fit witllitl tllc A t l a s  IIAS sllrc~ud. ‘J’IIC sc)lar
sllicld 1s fc~ldcd  ill t,wc, I)laccs  to flt ill t,llc laullc.11 CIIVCIC)lJC.  A f t e r  laullcll-vcl)iclc sc~)aratioll, tllc sc]lar  sllicld (l,ut ]Ic)t
tllc sll])],c]rt  l~ool]l) is dc])lc)ycxl a]ld  rigidizcd w i t h  Itlccllallical c,r IIlap,llctic  latcllillp,  clcvic.cs, tc] ])rovidc ])owcr  during
tllc 17-llc,ur  c.ruisc  (SCC F i g u r e  IcI). orllit c.irc~llari~ati(>)l is accolll]~lisllcd  with a Star 3711’M7 s o ] i d - f u e l  rc)ckct  ]Ilc]tor.
J~Isi I]rior  to its igl)itio]l , a s})ill-u]] solid  IIlotc]r is flrcxl to l)rovidc  a sl~ill rate of a fcw 1{1’M; aficr c i rcular izat ion,  a
s])ill-dow)~ lfic)tc)r ]s flrcxl, and tllc s])acccraft rcturlls to a 3 :txis-sttil]i liz,c(l  IJlc)dc. ‘1’llcs],ill-u]~  and s},ill-doull thrus ters
a r c  Ic)catcd  ill ])lallcs that c.c)lltail) tllc s]]ac.ccraft  cclltcr o f  Inass at tl)c tillics tllc rcs])cctivc t]lrustcrs arc fircxl. (’1’lic
sl)acccraft, c.clltcr  c)f lnass lnigratcs f o r w a r d  a f t e r  cx]]cllditr)rc c)f tl]c  Star 371rhf ]Irollcllallt,.) ‘J’}Ic }]ro]~ulsiol]  II IOd UIC
]]rovidcx  s t ru t . turc  for  intcp;ratioll c)f tllc Star 371~h4 and s],ill-uJ)  and s],itl-clcmn solid IIlc)tc)rs, laullcll su])])c)rt, for  tllc
]owcr  ])ortic,ll  of t]lc s t o w e d  so]ar s]licdd, and s t r u c t u r e  f o r  ]illkillg  t]]c s],accc.rafl tc~ t]lc  ]aullc]l-vc]lic]c ada])tcr Six
cx]]lc)sivc  I]c)lts at tllc l o w e r  l)us  illtcrfacc so])aratc tllc ]Jro])ulsioll  lllodulcfrc~lll  tllc s]]accc.raft  af{cr  orl)it c.irc.ularizatioll
and s])ill-dc)wll  (1’’igurc lc). ‘1’IIc solar- sllicld I)C)CJIII  tllcll is dc])lc~ycxl  and rigidizcd w i t h  a  latcl)illp,  dcvicc, as  sllowll  ill
]’igurc If.

‘1’llc sl]acccraft l)us  illtcgratcs all cxlgillccrirl~, Cxluil)lllcrll f o r  tlIc  )Ilissioll:  rcaclic}ll  w]lccls,  colcl- gas tallli  and
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F i g .  IcI. (huisc c.o]lfigu]atio~l, wit]l  sol fir sl)icld  del)lcyxl.

thrlls(crs, aliLcllllas,  l~<ittcrics,  P-actuator attac.lllllcllt, and associated clcc Lrc)nics. Its structure a~ld I,acliagilig is I)ascd
otl IJhc clcsigll usccl on \)c)yagcr  ancl G a l i l e o ,  altcl it is siscc] to ])rovidc tl)c  sarnc volul!lc  as, LIIC Inaill bus 011 G a l i l e o .
A  llcxa~,o]ial  l a y o u t  w a s  C.lIOSCI)  so that  tllrcc of tllc rcac.tion  wlIccls  arc ]Jlaccd  cctltrtilly. Ilattcry l)owcr  is l)rc~vidcd
I)y lwo IIic.kc]-l)ydrogcn  battmics, w]]icll arc IIlou[ltcd C,II o]]]) ositc s ides  of  t]lc  o u t s i d e  c]f the bus (Jllllli-clircc.  tiolla!
al]tcl)tltis  for t,clmnctry and c]rbit  clctcrlnillatic]ll arc lnoulltcxl  ill ])airs C)II c]]~l~ositc s ides  of  tl]c I)us,  wi th  I)cdcs  Lals t o
~~rovidc IIlaxilllulll  sky c.ovcra~c.  After ful] dc])]oylllcllt, tllc o]l]y ol)structio~]s (o tlIcsc  alltcllllas will I)c LIIC solar sllicld
and  t]lrUsLCl  Stalk. ‘J’WO C.O]d-gas  t]lrust,cr asscllll)]ic!s  arc ilic.or])oratcd for s])acccraft :ill~, ~l]ar-lllc)l [lclltlllll fIlftl  I?tf;CIIt  Cll[
( s e e  %c$io]l  4 . 4 ): ajld, tllc tank for tl,c higll-],rcmsurc  llit,ro~cl,  is ccl,trally Iocatccl  so t}~at c.l,al)gcs  (0 sl,acecrtift  IIlcrtia
I,rol)c)llcs arc lnl]lllnlzcd  as tllc I)ro])cl]allt lJccol  IIc.s dc])lctcd.
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}Fig. le. J’OIN’J’~  sl)acecraft  jus~  a f t e r  orbit c i r c u l a r -
i z a t i o n  aIIcl  s]~iI1-dcm~ll; six cx[)lcmivc bolt,s at t]lc  ]OWCT

l’ig.  If. Sc,la r -array lICJOIII  cic])loyIIIcJIt  scqucJIcc.

lIUS intcrfacc sc])aratc tllc proj)ulsiorl Jnodulc  ftor[l  tllc
s}jaccc.rafl.

‘J’]~c currcmt  total II!a.ss cstilnatc for t~lc Cmtircs’])ac.cc. taft, irlc.]~lc]ill~;sc)]ic! rocket rllc,tor  for  orL]it citcu]arizatioll, i s
al)clut  1250 kg, and is itelnizccl ill ‘ J ’able  1 . Al,c,ut  50% of  tllc lnass is ill tllc sl)acecraft bus, ]()% ill t]lC iJIStrUJIICJlt
]]ousing,  arid  ~()% cac’11 ill thool)tic.a] bcuc.]Ics and t h e . s c , ] a r  s~lic]d. ‘J’]lis J[lass  ]cavesa gcnc!rous  lnargin (c=40%)  f o r
usc  of  all Atlas IIAS lauIIc.11 vclliclc.

3. lNSrJ’li,lJMI:}  N’J’ C: C) NII’IC;  lJ1{.Arl’l{)N

‘J’l Ic l’OIN’J’S  irlslrurIlcllt ccjrn]~riscs t w o  o])tically idcrltic.al  illtcrfcrc,Illctcrs ]]lacecl OIIC al)c~vc t]lc c~tllcr, with ?.- III
I)aselillcs wlloscr clativco ricrltatioli isrlor[lirially90{lcgL)[rt  wllicl) can  be acljustcd b y  a f c w  clcgrccs  irlcitller dircctiorl.
‘1’IIc wide-auglc  cal)al)ility is critical fcn II]any of tllc sc.icrltific  goals arlcl is advarltagcclus for obtaillirlgral]id c l o s u r e
around  t~lc sky and flr]ldiJlg!  hrig}lt  rcfcrcl!c.c  stars. ]Tltcrllal  Illctrcdc)gy  is rcquirc!d  for Jnc’asurcl]icllt  of tllc allg, ]c Ilctwccll
l)asclillcs and c,f tllc s t a r l i g h t  o])tical ]Jatll  difl’crcllccs  tJirougll cac.1]  irltcrfcro~[lctcr. Ilacll interfc.rclrncter c.o]ll]~riscs
two afocal tclcscc~l)cs  wit]]  })arabc)lic  IJrirllary Jrlirrors  rlcJlIjiJ[ally2[~  CJIt irl diarllctcr and a ~nag]jificatior)  r a t i o  c)f al~clu(
1 0 .  IPurlllcr  dcsc.ri})tion  o f  tllc iutcrfcrolllctcrs arid tllcir c,},cratiorl  can lIC found ill auot]lcr ])a~]cr irl this VC,lUJIIC
(ltcaselll~crg,  ct ul. ).s

3.1 IIlstl’ulll{!llt IIc)lrsil)g

‘J’IIc tt~oilltcrfcrojllctcrs arccontaitlcd iii al) OX-.$  }la]lCd llousi  J)g, al)])loxilllatc]~]  lll]li~;]l  Wit]l square  crCMssCCtiOJl
ro~lgll]y  ?,, (3 III OJI a side, (’J’]lc c,orrlcrs  a r c  c u t  i,c) f i t  illsidr t]lc  ~.6b-11]-(]iarIlctcr  clrc.u]ar  ]aurlc]l-vc]lic]c  fairillg. ) ‘J’l Ic

llc~~lsillg]jrc)viclcs ll~o(lrltillg  forclcc.trollic.s arid tic-dcwn ])oirltsfor cal]lirl~,,a  fraInc for  tllcr)llal Lllallkctsalld IIcatcrs,
all ir](crfacc for al)crturc-cover dcviccs, and l)rotcctim] for m]sitivc c~])tics during s y s t e m  integraticlri  slid tcstillg. ‘1’llill
al~lll~ili~lll~sllccts  (-1.5  ~rlln tllic.k)  wit]l  s~iffcrlcrs  and local rciliforcclllcllts would  suf[ice  for  its cc)]lstructiorl. Gral)llitc-
C]loxy paJlcls  c o u l d  hc USCCJ to  rcdLJc.c! Jllass, ],ut t]lc. c.urrcnlt lnass ]Iudgct C]CICS  riot  irldicatc atly lIccd fc)r SIJC]I  a
rcductioll.

3.2! ()])tical l)c?IIc.11

‘J’IIc olltical l a y o u t  f o r  cacl]  illtcrfcrolncter issllow]l irl l’igurc 2a ,  and a cc,llcc])tual  dcsig]l  fc,r OIIC c,f tllc c,]~tical
l~cJIclIcs is slIo\YII ill Figure ‘21). ‘]’]Ic gra])hitc-epoxy })allc] arid I]ulkllcacl  dcsig,tl is l)asccl C)II t]lc c)l~tical bcJlc.]1 fc~r t]Ic Wide
l’i(:lcl/l’ lallctar~ (Yamcra  (WI’’/C; );). Gra]]llitc-c])cmy  is arl cxcellcrlt Jtlatcrjal fc)r ])rcc.isioll c)]]tical  s t r u c t u r e s  l,ccausc
c)f its ]Iigll s]~CC.lfi  C. Stifl J)CSS, llcar-77cro C.ocfl;  cicrlt of tl]cr)ilal cx])allsiorl, and cxLcllsivc  fli~llt IIistory. All C. OJII])CIJICJILS
Sl)owll arc su])])c)rtccl ~y cc]r)-)r]lc)llc)~)t,ics lllc~llrltirlg tcclllliclllcs;  itc[lls with clc)I]allcl illgrccl[lirer licrlts, suc.11 as tllc flduc.ial
l~locks, W]licll ]laVC C. JJtJC.al  thC!Illa]  iSCllatiJlgJlloLIIltS  3JIC] ]lCatC!rS

\
scc Scctic)ll  3,3 l)cIow),  arc c.orlt, airlcd in sc]~alatcly

~CS(,CCl ~lr,jtstllat ]Iavc a sitll])]cirltcrfacc totlle r e s t  c]f (]lc o])t,ical  ICllcll.

OIIC of tllc o]~tic.al Lcnc.llcx is fixed  r e l a t i v e  totllc sj)acec.r aft. ‘1’IIc otllcr IIIUS(  I)c c.a],al)lc  c)f artic.ulatioll I)y a f~w
dc<rces irl cit}lcr  d i r e . c t i o l l  (fro]n its nornirlal  (J@dcg c,riclltatiorl to t])c  f i x e d  l) CIIC]I); sw l“ir;urc  ?c. ‘J’he fixcd  ~)CIIcll
Ilillst ]>rovidc tidqualc sul)]]c)rt  to  wit]lstalld Iaullcll  loads. ‘J’llcsull])ort  JIIUSt I)c kil]c]llat,ic,  {O al,oid distc,rtiorl Of  tllc
I) CIICII  I)y tllc cxler]lal s t r u c t u r e ,  and tllcrc IIlust  I)c t,llcrrllal  isolatio]l  lIct,\YccII I) CIICII and sl)acccraft. ‘Jo l)rc)vi~lc a



‘] ’a])]c  ] . Mass list. for 1’OIN”J’S sl]ac.cc,raft

Colll]mlcllt

Solal” Slliclcl:
18- x  18- CIII 1100111
solar sllicld
ct actrlat<or
~ actuator
actuator elcctro]lics (X2)
bcIoIII clcployIIIctIt  dcvicc
otlllcr dcvic.cs

Solar sl]idcl suljtota]

O],t.ica]

O])timl

I)cllcll:
bare structure
instru Il]cllt  o])t, ics & Illou Ilts
bcaltl-co)jllJillillF,  o]ltics, detectors, &7 lasers
star trackers (x4)
fiducial bloc.ks & tllcrtllal co]ltrol (x4)
artic.ulatio]l  actuator
Ilmc.11 Slll)tot:ll

II Is(rmIncn It l)ollsillg:
bare slructurc
n4]J],  tllcr]oal cotltrol,  aj)cr(rlrc covers ,  &I IIlccllallistlls

lIIStIXlIIICIIt  llousillz sIIIItotrIl

Sl)fic.(!cl’aft  1)11s:
I)arc  structure
t,llm-lIlal c.c,l]trol
rcac.tioll  wlIccls  ( x 4 )
attitllclc-cc)lltrcll  clcctcollic.s  (X2)
)Ilisccllal)cous attit(lclc -cc)) )trc]l dcviccs
])ro],ulsic)]l  (ta]lk, (;N2, valves, I)lll]lll)itlg,  tllrustcrs)
I,at,tcrics
tclccc)l 1)1 Illlllicatic]lls,  illcllidillg alltcllilas
(;1’S  cqui]~lllcllt,  including  alltcllllas
coIlllllalld & data IIalldlillg
cxl)losivc  I)olts, s]~ril]gs
halaIicc IJallas(
cal)lilig
])owcr  collditionillp, &~ distril)utiol)

S])ac,(!cl.afi  1)11s Slll)total

‘l’()’J’Al,

M ass (kg)

44
81
4(I
40
20
10

~,4:

116
45
??
44
I(I

24:

:;
332

72
34

240
20
10
28
74
20

G
31

1:
35
49

G34

1 2 4 8



Iiduc ial
I’oil, t (1 of ,?)

‘v ‘

l:ig,  2a. O],tical layout for cacll  illtcrfcrolllctcr.

,L(,P,.T3, 91(W, [*[”
/’

Ul<bi,,, c’ M<.

,’Y” -

‘-  P,..*< L“J,*<

l~i~,. 21). (;onc.cptual  cicsip;n for cmc c]])tical ljcIIclI (wit]]
tol, ],alIcl  mnovcd, t o  SIIOW  illtcrllal  layc)ut).

l’i~,. 2c. Ol,tical I,ct)ctl  asscIIll,ly

s t r u c t u r a l l y  c.olll])lctc  illsl,rulIlcnt unit with oIIly OIIC illtcrfidcc  Lo tllc sl~acccraft, tllc o])tical l)cIlc.11 slIcIuld  attac.11 to
tl)c  s]~acc.craft  l~lls at tllc salnc ])oillts  as the llousin~ or Ijc at,(acl]cd  dilcctly to tllc l]c)using.  ‘J’hcsc m o u n t s  ]nigllt  l)c
fil~crglass,  Litarliulln,  or Stailllcss-steel tulIc trusses or flcxurcs, c)r fil, crglass isolators wit]l  alulIlillulo st,roc.turc c]croclits.

‘J’lJC rcquircloc]lt of a fcw-dc:;rcc articu]atic)ll to bc ])crforlI]cd  C)I1 tlIc o r d e r  of a lni]lio~l  til]]cx  c)vcr a  ] 0 - y e a r
Jl)ission  sllf,f,cs(s  u s e  of a flcxurc r a t h e r  tllall a l~all I)carillg, sillc.c it call  IIC cicsig]lcd  f o r  illflnitc life  and I)oscs  lIo
c.c)lltalllil)zitic)ll risk. (Ilall bcarinp,s  also suf[cr  fro!]] tllc ])ossil)ility  of dcvclo])il]~,  de tents , e.g., caused by jarring during
lauI]cl).) A “flex} ~ivot” is a C. CJIIIIIIOnly  u s e d  COIII]~OIICIIt, t]lat colill)illcs  two  or tllrcc c r o s s e d  blades iri C1lIC  c.ol]vc]iicllt

unit. l~lcx])ivc]ts si~,cd to withstand Iaullc.1)  loads would rcc]uirc  only al)out,  24 hT (5 I\)) linear ac.tuatioll foIce ]Jcr flcxurc
at full travel (for a ]-lo Inolocnt arln). Flcx])ivots arc gcllcrally  very  stifl” a]Id strong ill liIlcar dcgrccs of frccdc~nl ancl
v e r y  soft, i]) rc)taticlll;  thus ,  to liltnit  lnotio)l  tc) oIIc axis c]f rc)tatio Il, tllcy IIJUSt I)c u s e d  ill },airs, w i t h  soIIlc  distalic.c
lJctwccII  tllclll aloIIg  tllc clcsircd  rotation axis, ‘J’IIC c.ulrcllt  dcsif,ll  IIas  flcxl,ivot,s  (two or t.llrcc  I,ladcs) ~]]accd on tllc to])
and l~ottc)tl] of tllc o])tical l)cl Ic.11 )air, wi th  a  s t ructura l  su]]])ort  ftolll cacll  IJCIICII that rcacllcs aroolkd  to tllc ol~~)ositc
s i d e  of t]lc  otllcr o])tic.al  l)cnc.11. !‘J’lIc “flcx])ivot, su],l)ort tower” i s  SIIOWII  ill l’ip,urcs  211 aIld ?,c.  ) ‘J’IIc  flight  flcx]]ivot
SySLCIll  l[l~lst  IIC dcsigllcd  s o  t]lat,  t,]lc flcxl)ivots  a r c  not killclllaticatly O\’CI-CC)rl SLralllC({:  Onc ftcxl)ivc)t  WOUICI  I)C isolated
froIll  t]lrust loads (c. !g., wi(h  a  clia],llrag[ll  flcxurc), al}d I,ot,ll II-lust he ali~,llccl WCII cI~oug}I t o  avc,id  cxc.cssivc  IIlolllcllt
loads,

3 . 3  ]1’i[ll]c,itil l)]ock Slll)])or(s

‘] ’c) kcc])  rcsu]till?, cont r ibu t ions  10  overall lncasurclnc]lt error below  al,oot 0,2 l[as, dirllcIlsioIlct]  ctlarigcs aloltp;
critical directions of tllc fc)ur IIlctrc)logy ‘ ( f i d u c i a l  l~locks” lIIusL  I,c kcl)t slllallcr tllall al, out 1? ])icc)rncters over  ti~oe
i n t e r v a l s  o f  s e v e r a l  IIours.  ‘1’llcrlnal  cx])a]wioIl  is ke]]t ill cl Icck I)y IIsill!,  stal)lc II)atcrials SUCII  as LJ]tra  J,OW  I,;xl)a}]sion

g l a s s  (Ul,l;@), cc)lltrc)llill~  tlIc  avcra?,c  tcinpcratrlrc  illsidc tl,c l;ousillf, tc, rcl,lait, I,car w],crc tllc glass  l,as tllc l o w e s t

Cmf[iciellt  Of tllcrl[lal cx])allsiol)  (IC)Ugllly  20 dcg  (; for U1,]~(~),  and liIIlitil)F,  t,c[ll]]crat,~lrc  variat,iolis  t,o a fC\\, IIlil]idcgrccs
f{clviti  t}iroogh  Llle 1.ISC  o f  lc,l\-coIl(lIlctatjcc su])],c)ris  al, d s}, ccial cl)clos(lrcs. (SCC [Iisc(lssio[l  c,f tllcrlllal colltro] in



Sccticrll  5.)

l\lccllaIlical  stress to tlIc fiducial blocks is lilIlitcd by usilig kitlel[~atic  II ICIUI1tS bctwecII  CWC.JI  f i d u c i a l  block aucl

i ts  cnic.losurc,  such as  tlIc crosscxl-l]ladc  titauiuln ilcxurcs  slIowl  I i n  l~iF; urcs 3 a  and 3L. IJladc s%ll~cl~ts  5 11~1]”1 wid~l

10 IIIIn loIIg,  alicl 0.5111111 thick were size.d to withstand Iaullc]l  loads.
\~~it]L  ttlcsc ~lio~ll,ts a~,d all a]~lI,lill[llll  cmclosurc,

a ll~cc.lla~lic.al  clistortiol~  (strail)) of the cnc]osurc I)y about ‘2 ])arts })cr Inillio]l  WOUICI result in a 2-1)111 distortion of tllc
fiducial blocks, due to fore.cs ~)asscd across tl]c ]nc)unts  I)y tllc I,cildi]ig stifl”ncss of  the  b lades .  III oidcr to kcc]) lcmal

distortio])s at the ~nc)u]lt intcrfac.c frol[l  afl’cctirlg  cr i t ical  dimellsic)lls c)f tllc fiducial block, the h]aclcs  arc attac.heel to

au IIlvar disk ate]) a I,cclcstal  of [Jl,lI;@  011 either side of tllc blc)ck. C]’]IC ]Ilvar iIltcrfac.c  cx}lil)its  Inuc~I n igher  thermal

@ ])cclcstal,  and tllc })cdcstal  s e r v e s  t o  kcc]) tllc rcsultilig distortio~ls  l o c a l i z e d .cx])a[]sion  than tlIc  (J I,III,

f I w O  AX6  fL[XUN S[1

[101.KL.U  CI1OCK

\

l,lRCC AX,S f~[xuil<  S[! - /

l’i,e,. 3 a .  l’iciucial  I,loc.k SU],}IOJ{  coIIccl)t

\
f 1[ ) LIRC  fASl[  1<[ [1 [1[<  PIP<N[  [1 1<1 llh,AR DISK

(Nvm DISK  -
([101{0[0  To Pco[ slAl ) \ \

Cflossr[l-  [H AD[ f~[ xuRf  -

Wl GLASS  PIOIS1$l

I’ig.  3b, ConccI)tual  dcsip,tl  o f  flcxurc att,ac,tllIlcllt for fiducial I)lc,ck su~,l)ort,



4. A’J’’J’IU’LJII1I; ANI) A1{’J’1CLJI,A’I’1ON CON’J’IWI, SYS~’lI;M

‘1’IIc ills(rultlc]lt arid  s}]acccraft a(titudc and alticula(ioll col)trc)l systcIII  (A ACS)  s e r v e s  a v a r i e t y  of furlctic)~w,
SUCII  as Il)ai]]t,ainil!g  s}lacccratl  a t t i t u d e  clorillg  tlIc cruise  to  al Iogec, dctcr]lli]lillg  sl)acccraft attitude afkr o r b i t  c.ir-
culari7a(ic)ll, poilltrllg  ,tjlIC s o l a r  sl)icld  tc) witl~ill  a fcw dcgrms of tllc SUII lillc  at all tirIics., s]cwiIlg  tlIc  sj)acccrafl and
illstrulllctlt fc)r ac.clulsl’lioll of t a r g e t - s ( a l  I)airs, articlllatirlg tlIc  allglc I)ctwccll  tllc two llltcrfcro~  llctcrs, ]Jroviclillg  a
t a r g e t - r c f c r c l l c c d  at(itrlclc after cacll  SICW  tc) tllc itltcrfcrc]l  I)ctcrs fc)r frillgc acquisitio[l, Illait)tainillg illcrlial r~ointillg
o f  l)otlI  illtcrfcrc)lllc tcr:j ill tlIc j)rcscllcc of  ])c)illtillg  disturl)allccs, a n d  lllaIlagiI+l s])accc.raf(  angular Illol[lclltulI1.  ‘1’hc
rcquiretllclltjsj strategies, allcl llardwarc associated with tllc lncml c.llallcllgil)s  c)f tllc.sc fuIlctiotls arc sul[llllarizcd  I)c]ow.

A s  cJcwcril)ccl prcvicrusly,  illstrultlcI~t pc)i]ltil)g  is accc)lll~)lisllcd  with two  silujjc-axis  ‘gilnl)a]s I) C!WCCII  tllc s])ac.ccraf[
al)d tllc solar- sl)ic]d  su:~)])ort t)oc]~n,  )JIIIS  ro l l  c)f tllc cl)tilc s})accc.rafl  arc)ulld  tllc SUII dirccticnl. ‘I’l  Ic allgolar sc])aratio]l
T21 I)ctwccll  stars “1” and ‘[2” is cstilnatcd frolll a lillcar collll)il)atioll  of three  IIlcasurclllcnts:  lncasurcmc]lts I)y e a c h
illtcrfcrc)ltlctcr  ( “ a ” and ‘(l)”)  o f  tllc allF,lc  l)ctwcclI  its target s t a r  alId its c~l~tical a x i s  (yIo and ~zb), aI1d I[lcasurclllcllt
l)y illtcr]lal IIlctrology o f  t h e  angle y~a I)ctwccll “]MCUCIO  I)asclillcs” o f  tlIc t w o  irltcrfcrolllctcrs, whic]l  arc clcfiIIcd
I)y o])!ics  ]daccd at  f iducia l  poiIlts aloIIg  cacll  tclcscc)})c axis  and w h i c h  a r c  IIearly  llarallcl to tlIc actual  l)ascliIles.
ltcc]uircll}cllts 011 illstrolllcllt ]Iointil)g a c c u r a c y ,  o r  lIow  c.loscly bcmcsiglltcd  tllc itltcrfcroll)ctcr tclcscc)])cs  lIIust  I)c wit]l
t h e  dircxtic)lls  tc) tllcir rcs])cc.tivc  target stars, a r c  dctcrlnillcd I)y tllc ]tlagllituclc and clcj)cvIdcncc  olI ])c,illting  oflscts
of tlIc  diffcrcllc.c  bctwcml  tllc true s t e l l a r  a]lp,ular  sc]laratioll T<I and tlIc cstilllatcd sc]]araticlI1. ‘1’IIc lowcxt-order
corrccliolt  is a li]lcar l~ias t))at clcpcl Icls C)J)]~ C)II tllc ‘(ill- ]]laIlc” c.ol II])ol  Icl It of tllc allglc I)dwccl) actual Lasdincs aIld
]mcuclo  l)asclillrs i.[.:  011 IIc)rizolltal  twistlll~, or yaw within cacll  illtcrfcro~tlctcr,  ‘J’l Ic IIcxt  largest  ccmrcc.tio)ls, wllic.]1
a r c  q u a d r a t i c .  ill q u a n t i t i e s  cx]~cctcd  tc) }Ic sltlall, dcl  Icl Id olIly  olI “c}{lt-clf-]llaIlc” allglcs target ]Joilltillg  offsets,
v e r t i c a l  tilt l~ctwccII tllc t w o  illtcrfcrc)ll  ~ctcrs, and vcI tical tilt I]ctwccll  tllc actual and ]MCUCIC)  I)asclillcs  (SCC A1)])cndix
of  Ref .  [8] fc)r dcrivatio It of tlIc last of tl]csc), III a IIy])c}tl)ctical  worst, c a se , wllcre all tlIcsc tilts were c)f co~Il]]aral~lc

ltla~llit,udc A aIId c)f ap])ro]~riatc sig]l as to add IIlaxiltlally,  this q u a d r a t i c  W-II] COUICI  l~C as lar$c as ‘iA2, Whjcll WOUICI

I)c sul)-ltlicroarcsecc, ~lc’1 ill ll~agllitudc olIly  if A were stllallcr lllall al~out, ().2 arcscc. 111 ]]ractlcc, tllcsc hiascs call  be
cstirllatecl frc])t] a series of ll]casurcl]lc[lts, sc) it is Ilc]t tlcccssary that I)clilltillg  accuracy I)c goocl cl IcIuglI to )llakc tllcsc
corl  cc.tic)lls llcgli~il)]c. ‘J’hc llc,lIli)lal  ]Joilltillg a c c u r a c y  rcquirmllcllt (2-o) fc)r caclI ititcrfcrolnctcv  tltcrcforc is takcm t o
I)c ().25 arc.scc.. ‘Jo Illailltain h i g h  frillgc visil)ility,  !Ilc ]~oilltillg  IIlust  I)c stall]c to a  f e w  IIiilliarc.scc.  c)llds irl-])lallc  a~lcl
al)out,  0.1 arcscc out of I)larlc  (for 95*AI frirlgc collr-rctlce)  over tlIc  titllc lIccdcd  to IIlcasurc tlIc  frill.gc illtcllsity as loilg
as O. 1 second for a 1 5t11-llla~,I)itJ(lclc star. ]Jor l)riglltcl stars, this I)oilltillg stat~ility is IIcdcd over tllc IIolllillal  “fralllillg”
tilllc of al)oui 0.01 s, ‘J’lIc current s t r a t e g y  i s  to usc star t rackcIs I]c]rcsig;}ftcd with t]tc  t clcsc.c)l]cs tc) ccuttro]  coarse
s]~a,:,cc.raft a t t i tude  to  0.25  arcscc out-of- ]]la]lc;  Ilowcvcr,  it ]Ilay  Ijc ])rcfcral)lc to IIlc)ullt tllc t r a c k e r s  011 tllc sJ]acccraft
I)US instead of  tllc instrurtlcllt,  f o r  c.onvcl)ict)cc  and cost  savillg,s  ill itltcgratioll ‘1’lIc  IloIllillal  dcsigll  illc.ludes  a ]wilnary
J)]US OIIC l]ack-u])  tracker fc,r c.ac.11 i]~tcrfcrolI-)ctcr,  located as indicated ill l’igurc 21), Olwcrvations  arc sc]Icdulcd  so that
at least CIIIC of tllc iiltcrfcrol)lctcrs a lways  lc~c)ks at a star of 10!1) ]Ilagllitcldc or I)riglltcr. l’iIlc-llclillti[ig;  ill-l]lalic fc)r tllc
ot,lmr illt,c.rfcrc)l  ]lctcr  c.a II I)c co]ltrc)llccl  wit]]  i]lfor]llatic)l)  frolll ttlc illicrfcrolllct,cr  looki]lg  at tllc I)riglltcr s t a r .

4 . 2  lnstr.~ll]lmlt s]wvil~g

Siltlulatiolls  doIIc  at SAO  i~ldic.atc  that tlIc avc~ar,; illstrul[lcllt s lew required  llctwccl~ ol)scrvatiolls  will I)c about
2L dcg; wit,]] tllc lllll)l)lc- S])acc-rJ’clcscc) ],c ( 1 1  S ’ 1 ’ )  r[actlo]l WIICCIS I)ascli]lcd  ill tlIc  IIcnllitlal  cc)llfiguratioll,  SUC.11  slews
slIcJLIld  take less  tllall 60 seconds .  ‘1’llis ])cr)tlits acllicvclllcllt  of closure arc)u)ld  tllc sky ill a few llc)urs, all ap])ropriatc
rcci~lil)ration  till)c for cstill]atill, r; systclll ]~aralllctcrs  alId  IIlcasurclllcljt l~iascs. ‘1’IIc t ilIlc required l~ctwccll olmcrvatiolls
willl illcludc tlIc S I C W  Li]nc allcl tlIc AACS scttlillg tilllc; tllc Iattcl dcI)c.IIds C~II s})acccraft vil)ratic)nal cl]aractcristic.s
aIId t.llc cc~lltrol]cr  c.loscd-loop  I)alldwidtll. l“or tllc IIoltlillal  co)lfiguratioll, witl]  a )Ilillil[kuln  vilJratio Ilal frcqucl~cy  o f
al~out  2 IIz  and IIlodal dalll])ing c]f 0.5(XI, tllc tilllc required for structural vil)ratio]ls  to dalll])  to a level  c.c)llsistcllt  wit]]
rcqllirclllc.llts 011 iIlshwlllcllt ]Joilltil]y,  stal)ility is less tllal) 60 scco  IIds.

Slcwillg will l~c a{:.c.c)lll])lisllccl wit])  four llS’1’-ty]Ic  rcact,ioll  \YIIccls arrallgcd ill a ])yralllidal or tctrallcdral  c.ollilgu-
ratiml (o]]r- for rcxlulldallc. y), IIlforl]latic)ll  fro]ll co]lllrlclcial  vc])dors  i]ldicatcs that avallal)lc ])assive  iso]atiol)  tcclll]c)logy
is  suflicimlt tc) ])crlllitl  tllc d e s i r e d  illstrulllcllt ])oil)ti)lp, stal)ility IIo\cd  al)ovc. lICIICC, duril]r;  ol)scrvatio)l~,  tllc AACS
IICCCI  r e j e c t  oli!y  cxtcroal torque distrlrl)allccs; fc]r IliF,ll l}artll orl)itj tlIcsc arise ])rilllarily froltl solar radiatrc~Il  ])rcssurc,
S])acccraft attltrldc is cstilllat,cd frc)l]l IIlcasurccl  l)cIdy r a t e s  ),rovidcd I)y all illcrtial rcfcrcllcc unit (lltU), au$lllclltcd  by
st,ar-trac.kcr llJCd  SllrC!lll  CIlt,S  durillF; target, acquisit,iol]  and o]]scrvatio]l, and }~ossil)ly I)y illtcrfcrolllctcr allglc IIifc)rlllatioll
during  cacll  ol)scrvation. lJIIIIIodclcd  p;yro I)ias, rate scale-fac(or crrc~rs, ]l]isfiligllllmIl{  crrc~rs, and attiludc-c  orrcctic)rl
factors  arc  cstilllatcd, and tllcn used by a lillcar l]rc,])c)rtic)lla l-illtcr,ral-(l cri~’ati~’c (I’ll)) Colltro]lcr  !,c) gcllcratc rcactioll-
wlIccl torque coltlltlal]ds. ‘1’IIc a]]]~ro~,riatc  colltr-c,llcr  l)alldwidtll  dc]Icl Ids C)II scttli Ilr; tit]lc,, d e s i r e d  l)oilltill  , stal~ility,

(a t t i t u d e - s c ) m r  Iloisc,  cxtcrl]al torque disturl)allccs (solar radia!ioll ])rcssurc), all(l dctcc.tc)r  IIltcgrzrt,ic)ll !Iilllc IIoll)illally
O.(II sccolIds  for,stars l)riglltcr  tllall 121,11 IIla!,l,itudc). 11’c)r tlIc IIolilillal collfiguratiolll and all assulllcd sul)-arcsccolld
attitl)dc-cstilliatlc)ll e r r o r  (wllit,c  Ilclisc over  a  50-117,  scllsor I)alldwidtll), tllc c o n t r o l l e r  l)alldwidtll  will l~c l)ctwcCll
0 , 0 1  ll~r and 0.15  IIz.



AI) illcrtial-graclc gyrcj ( c l r i t l - r a t e  stal)ility 011  tlIc crrdcr  of 0.001 dcg/hr) is IIWXIMI to IIICC[ tlIc  attit~lclc-colltrcjl
rcquirclllcllt of 0.25  arcscc. ‘J’}lis rcquirclllmlt c.c)uld I)c Illct wit}) sllillllirlg-lllass  gyros; llowcwer,  tlIc  clcsird  1 0 - y e a r
l[lissioll  life suggmts tlm  use  c)f a fil)cr-o])tic.  gyro, whic]l  also coIIld  IIicct tlIcsc requirclllcmts  and wlIosc  devclo]JIIIcIIt  is
u]]dcr  way for c)tllcr  NASA IIlissiolls with earlier ]aullcll  dates.

403 Actuator dw+ig])

‘J’llrcc tyIIcs  of actuatlc)rs  arc usd for attitude alId  ar t icula t ion  cont ro l  of  tllc 1’OIN’1’S s])acccraft: tllc rcactio]l
Wllmls,  tlIc solar- sllicld gil[]l)al  a c t u a t o r s , allcl LIIC i]lterfcrc]Illc+.w  articulatic)ll a c t u a t o r .  (l”or a  d e t a i l e d  syllo}]sis  c~f

a c t u a t o r  clcsigli,  scc t,lIc ]Ja])cr  ~~y AgroIIi119 irl this VOIUIIIC. ) 1(’our reactioll-wllccd asscllilllics  (olIc  for rcdu]ldallcy)  a r c
used  to colitrc]l  sl]ac.ec.raft  motlc)lI  ill thlcc axes and to ]]roviclc  lIIol IIclItuTo c.oll]]~cllsatioll. ‘1’lIc lilllitson s t ructura l
[Iis(rlrllallccs during olmrvatio]ls c+rII Im lIIct  with llSrl’-tyl JC Wheels  and slightly ll-lc)~ificd Vcrsic]lls of tllc llSrJ’ wllCCl
isc)lators that arc clcsigllcd  to isolate l)ot,l I torque slid axial disturl)arlcc f o r m s . ‘1’lIc 11 S’1’ isolators, wllicll  corltaill a
s]lrlllg and viscous clalrl]).cr lrl ]Iarallcl, arc ccmfigurcd  to tak; out orily  axial disturl)arlcc  forces. ]Ioricywc]l,  ]rlC, (r[jakCrs
c)f tllc 11 S’1’ wllcc]s  ancl lsolatc]rs)  rc])orts that a llcxa~)od  lsolatiorl  SyStlCl  II lIcIw call  lIc IIlaclc tha t  i so la tes  torque arid
force disLurl)allc.cs  ill all] six deg;recs  of frccclorI1.

‘J%o gill]l,al actuators  ar t icula te  tlIc  solar sllicld ill two axes relative tc~ tlIc sl)acccraft (tllc o arid  /? axes slIowll
ill lrigurc la) .  ‘1’lIc a c t u a t o r s  l)oint t,lIc sllicld  toward tlIc  Surl, kcc~) tlIc  s])ac.ccraft ill slladc, slid arlglc tllc sllicdd t o
co]ltro]  al] f;ular Illolncllturtl  irlduc.cd  by radia t ion  ])rcssurc. ‘1’lIesc actuators loust I)c c.a])al)lc of O.1-deg  accuracy over
a 345-de; (or larger) raIlgc of IIlotioll,

[

a r i d  IIave  a lifcti]oc corlsistcrltl  witli s}]ac.cc.raft slews total lirlg allout 0.6 rllillioll
radiarls al)c)ut  350 slews ]Jcr day for 10 years, cac.11 slmv averaging al)c~uL 25 dcp;). ‘1’IIc haselirlcdcsigll i s a  st,aIldard
st,c]]l~cr IIlot,or driving  a  l I a r I l l o n i c . - d r i v c  F;car reduc.cr  (200:1) wit]! a liig}]-s]~ed  rcsc]lvcr  fcm ]Jositioll  sc]lsi]]g  (ty]~ical
a c c u r a c y  olI tllc order of 3 arc.lllill). l’;acll girtll)al  axis  has bcari]lgs scj]aratc frollr  tllc a c t u a t o r  to sul]llort tllc rIlaill
lc~Elcls, tllcactllatfclrc  lri!Tillgt lleaxistllroll~;ll aflcxil)lt’cc,lll]li]lg. Silllilar actllatc,rsl,a\ ’cl)ccr] used  t,c)drive solar })allcls
orl tlIc  Nltip)cllarl and ‘1’ol’lI;~  s]]ac.cc.raft.

‘1’lIc  irltcrfcrc)lndcr  artic.ulaticm  a c t u a t o r  colltro]s  tllc r e l a t i v e  oricrltatic]rl  l~ctwccl] tllc two irltcrfcrc~lIlctcrs.  ‘1’IIC
c)riclltatioll is adjusted I)ctwccrl  olmrvatiolls~ ar]cl tile r[lccllallisr  I] i s  locked clurir~g cac.11 olmrvatioll. ‘1’IIc a c t u a t o r ,
located ill t,hc cJ])ticslll:)llsiIlg,  isa linear-lllotrol~ dcvicc l~ridp;illgtlle  twoo]~tica]  l,c]IclIcs. ‘1’IIc ac.luator oIIly su])]]orts
loads l)ctwccvl tlIc t w o  irlterfcrcjr]]ctcrs irl tllc dircctic)Il  o f  a r t i c u l a t i o n ; a  sc]~aratc flcxurc assc)lll]ly  su])})ortjs and
cc)llstraills tl]c  ol]tic.al  l~cIIc.lIcs ill tJIc otllcr f i v e  dcp;rccs  o f  frccdo]l) (SCC ]’igurcs ’21J a~~d 2C arid  Scc.tio~l 3 . 2 ) .  ‘J’IIc
des i red  crld-])c)irlt  accuracy, as stated ]]rcwiously,  is al)out 0.25 arcscc. l{clativc irl-]]larle  l)ositio]l stal)ility of  a  fcw
IIlilli:lrc.sccol](ls  Inust I)c IIlailltaillcxi  l)ctwccII  tllc t w o  iIltcrfmoltlctcrs clurillg  all olwcrvatioll.

l~xtcr]lal  torques 011 I’OIN’1’S will generate al]gular r]loll~crlt~}llltllat initially will  bc takcrl u]) by tlics])ac.cc.raft
rcactio]l WIICCIS. A rtlo:tllcl)t~ll  l~-IrlalIagclrl  cI]t systcrn is IIcdcd  in order to ~)roviclc cc)lltrol  torques to kcc]I tllc rcactiorl
\vl Iccls  frorll  saturatil)g,. ~ir]c.c I’OIN’JX  will Lc a b o v e  tl]c l}artl]’s IIlagrlctos])llcrc, ll]oI]jcllt\lrl  ll[)allagcl[]clltl )asccl or]
rllap,tlrtic torqucrs is lIot  fcasil)lc. ‘J’llcallglc  oftllcsolar slliclcl  with rmpcct totlic Sun  collld  l)clllalli])~llatc~lsoasto
usc  sc)lar-])rcssurc  t o r q u e  a s  a  I]lcalls of l[laIlagirlg lllc)lllcrlt~l]]l;  llowcvcr, tllc cxtcrlt tc) wllic]) tlIc sllicld car) IJC ar~glcd
i s  littlitcd lIy tlIc  rcquilrclllcmt,  that tlIc  s])ac,cc.raft  rclllaill ill slladc. ( N o t e  t}lat, f o r  c.ertaill  s}]acecraft orimltatimls,
tl)is liltiitllccd IIot be Ias scvcm astllat dcscribcd irl scctic)ll  2.2. ) ‘1’his t,y],c of rllolIlcllt(llll-rll arlagclllc  lltsystclIl w o u l d
r e q u i r e  rlo added AA(;S har-dwarc and COUICI  I)c ])crfc)rlllccl  wit]]  a rclatlvcly sil[l])lc  algoritllltl. IIowcwcr,  this sclIclIIc
i s  l]]lal~lc to ]~roviclc arjy tc)rquc  al}out, t,l Ic lillc frolll tllc s])accc.raft t,o tllc SulI (allllc,ugll this lir Ilitatiorl i s  Illitigatcd
],ariially I)y tlic,c)~l)it  of tllc s])ac.t+r-?ft  al)oui,  tllc SUII cI)Icc ])cr y e a r ) .  lhlrtl]crlllorc, it could work oIIly  duritlg, llorIllal
o])cratrorls and 1s II]c.a]lal]lc  of stal~lllzillg t,lIc s]]accc.raft duritlg all clllcrg;cllcy. l’c]r tllcsc reasons, a cclld-gas  (Illtrogcll)
tllrustm Systcll)  IIas l)ccm illc.ludcd  f o r  ltloI]lcl]turll loar]agc]licllt and corltillgcllcies. i n i t i a l  c.alculatiorls, l~ased olI tlIe
cx])cc.tcd  ltlagrlitudc clf solar- }~rcssurw torc]ucs  and ty]]ical lcaliage ra tes  for  sucl  I co]d-g;as  systcllls, slIow that a su])])ly
of a’l)out,  10 lip; of gas slIould l)c adequate for all llcc.cssary  Itlolllclltulll )[larlagclilcllt  (irlcludi Ilg cc)r]tirlgcrlc.its) during  a
lo-year rt]issioll  lifctill]c.

5. ‘1’1111;1LA4A1, C: ON’ J’1{.01,

(~riticalr Ilctrc)lc)gyo] )tic.alclc lrlcrltsirl tllcirltcrfcl ol[lctcrs, s~lcll astllcfi(lllcial l)lc, cksallcl I)carll-s])littcra  ssctlll)lics,
will require tcltl])craturc c.olltro]  at, tlIc  ICVCI of a fcw rllillidcgrccs  Kc]vill  (III]{) for l)criods as lc)IIg as several Ilours,  ill
o r d e r  tc) ])rcvcllt  tllcr]llal-i]lcll]c.ccl  ]llc~tiollsor  distortic~]]sf rorll colltril)utir]g  rt}orctlla]l al)clut  2 })ico~llctcrs  (or 0.2 l~as)
o f  error to tllc ]Ilcasurcrtlc]]ts of o])tical ])atll diflhrlc. cs. lrl additio]i, of course, tllc ]Ilatcrinlsusd for tllcsc critical
ol~tics  ]nust lIavc  wry ]Icnv, ullifor]Ir, stal)le cocflicicrlt.s  o f  t,llcrlllal Cxj]arlsio)l orl tllc cmclcr ofscwral l)arts ]]cr I]illioll

‘@J. A  co]lcc])tual dcsigll  f o r  t]lcacl]icval]lc,  f o r  cxalll])lc, wit]]  al)]~rc~])riatcly-sixccl  ]~iccm o f  ])rcrl]il]]I1-F,raclc 111,1’,
telI]])cratL]re-cc~]ltrc)l  systcrl] for tllc IIIOSt c.ritic.al of tllesc clclllc]lts- tllc f iducia l  l)locks  - is su]l]ltlarizcd  II CIOW.



‘1’IIc l~ack (i]lstrl]]l]c]]  t-fac.illg;) surface of tlIc solar slliclcl  slIoulcl have low moissivity  in order to IIlillilllizc  radia t ive
tllcrl[l]al  cou])lillg  I)ctwccn  tlIc  solar shield a]ld  i]]strulocnt, I)utl IICJt too low, bccausc it is desired to kccJI tlIc  o], eratiiiF;
tclI]]~crat4urc  for tlIc  solar cells  unclcr  100 dcg  C;. ILc])rcsclltativc cxtrell]cs would  I)c bare alurltillu]ll (itlfrarcd clllissivity
011 (,ltlc order of 5%)  or Iblac.k paint (infrared clllissivity about 85%), wl]ic.h rcsul(,  in esl, illlatcxl  solar- ]]allcl  tctn]~craturcs
of al~out, 115 dcg  ~; and 65 dcg  C;, rcs]~cctivcly.  ‘1’IIc illstrurllcrlt  llousillp,  is lIladc of tllil I (w] .5-111111) alul[iillul]l SIICVM,
whidl  arc covcrcd  01] t,hc oulmdc wit]]  20-laycl  llfulti-],aycr lmulation (h!],]).

‘J’IIc illsidc of tlIc housing woulcl he ])aiIltcd I)lack it) orclcr  to Ioilliltlizc s t ray light, allcl IIcJ]) disi,ril~utjc Ilcat l o a d s .
IIcatcrs would  bc Clistril)utcd  around t)lIC insiclc  of LIIc llc)usiIlg  and u s e d  t o  Illailltaitl a uiliforlll aItllJic)lt  tcrll])crature
o f  al)c]ut  20 dcg  C;. AII csLi~natc.d 325 W  o f  IIeatcr })owcr WOUIC1  I)e r e q u i r e d , SOIIIC of wllic.11  ][ligllt, c.oIIIe frolll tlic
cxLilllatcxl 250- 300 W of ])clwcr dissi])atcd ill t}Ic s])acccraft }~us. l)cadl~alld  or 1’11) colltrc)llcrs  c.cIuld I)c used tc) c.o Iltrc)l
!,Itc surface Lcull]wratures.

‘J’hc fiducial I)loc.kts arc ll~aclc of a ]oatcrial wit]l  low cocflicimlt of tllcrlllal Cx])allsioll  (I)cttcr than al)out 10 ]]arts

\
],cr  I)illioll),  al)out 5 C.JO i)] lcIIp;~h along tlic c]])tic.al axes  of  tlIc  trlcscoj)cs), and rougl)ly r e c t a n g u l a r  ill crc)ss-scctioll
(al,out 5 CIII l~y 10 CIIJ). ‘lb  mlsurc t lat tl,cr]])ally-illclllccd distortio])s col)trihutc 1,0 ]norc than al,out 2 1)111  to the mror
i]) o])tic.a] ]~atl) rJJcasurcJncnts, tllc tc]I]])crature at  cacll  poitlt,  olI eacl  I f i d u c i a l  b]c)ck lJlust bc stal)lc t o  al)crut  4 IJI1{
over a typical rcc.alil)ratioll tillJc (several IIc)urs).  ‘lb  ac.llicvc this, a tllerlJJal sllicld is }Jlaccd arou]ld each  fiducial bloc.k
ill t]hC! fOTll I O f  arl a] Ul)lillUIJl  bOX Or C.yliIICICT,  W] IOSC!  ill SidC iS ]Jailltd  b]aC.k.  ]11 t]l(’  llOrl”lillal  COrl@Ura~iOll  alla]  yZC(l,
tllc cc,llscrvativc assull]])timl was made t}lat tllc slliclcl  walls were  allout 5111111 tllic.k,  f;ivillg  tllc slliclcl a IIcat ca])ac.ily
roughly t,llrcc  tiI]lcs that o f  t h e  f i d u c i a l  block; thirlmr walls (W 1 . 5  IJIIII) may I)c feasil~lc. ‘1’lIc sllic.ld h a s  lIOICS III
a])])rc~])riatc  ])laccs  f o r  tllc lnctrcdogy laser l~callls. [;lcmly surrc)undillg, cacll  tllcmllal s h i e l d  i s  a  lleatm slIcll.  ‘1’lIc
collcc’]~t for Suj)]]clrti]lg  cacll  fiducial l]]oc.k illsidc its t]lmrna] s]lic]d  wit,ll t,ltaIli  UIJl flc!xur’es  was cicscrii)cd  in Scctioll 3 . 3
and SIIOWII ill 11’igur-cs 3a and 31J.  III c.olnl)il~atioll  wit]]  tile illtcp,ral  glass ])cclcst, als CJII the flclucial  b locks ,  t,llcsc flcxurcs
},rovidr  t,]lc near-ki l lmnat ic  supl)ort lIcc!dcd to ltliJlil[lizc  IJlcc]lallica]ly -illc]llccc] stresses: t]lcy  akc,  arc a sc)urce  of }Icat
c.ollductioll  to tlIc f i d u c i a l  I)locks.  l;acll tllcrlJlal sllicld could l~c IIloulltcd to tllc o])tlcal l~clIc.11 wit}] g r a p l l i t c - e p o x y
l)ladcs in a  “s]]iclcr” c.ollfIguratioll  silnilar to  tha t  uscxl ilI Lclcscc)])cs for scc.olldary  ll]irrc)r  II IOU IItS. ‘J’l Ic h e a t e r  SIICII
woutd  I)c IIIOUIItCd citl]cr to tlIc tllcr]nal sllicld c]r dircc.tly  to tlIc  c)])tical  I)cIIc.11  iri such a way as tc] kcc]] structural Joacls
a s  co]ltilluous as ])cxsil)lc,  w]lilc  s t i l l  p r o v i d i n g  rdativcly lligll  t]lcrloal resistarlcc I)ctwccm tllc slJcll and tile thcrlllal
sllicld. ‘J’llis IIigll tllcrlna] rcsistallc.c g i v e s  llighcr lcvcragc to tlIe l)catcr cc)lltrol.  IIcat tralls])ort lJctwccIl  tllc lieatcr
SIICII al]cl tile llousill$ is IIIUCII g r e a t e r  vio r a d i a t i o n  tllal} virr c.clllductioll. Althougl]  further tllcrlJial  isolation of tllc
f i d u c i a l  l)lc~ck is IIOt llldic.atcd  to l)c ncc.cssary  by allajyscs t]]us  f a r , it could IIC achicvccl  I)y split.iIlg fiberglass t,ul)c
sc.~; II IeII(,s  iJit,c) tllc t,it, artiu  IIl rod scctimls. ]“or t]tc’ U]tlrltatc ill t]icrIIJa]  iso]ation, a  fiherg]a.ss  ]mJId systcIII  cc)u]d  ]JC
dcsigllcxl.

\i’itll tlIc al~ovc assumptioIIs, allalyscs using clctailcd IIIodcls  fc)r i]ldividua]  f i d u c i a l  l)locks,  tllcrlllal slliclds, and
IIca’[cr slIclls,  and silIl]plcr  lIIodcls for  tllc illstrulllcllt,  llousiJlg  and sc)lar  a r r a y ,  gave  tllc followillF;  r e s u l t s .  l:irst, with
110 :ictivc co]]trol  of the ]Iousir]g  t)cl)i])craturc, tl]c wc)rst-case steady-state tct)lpcraturc gradicllt across LIIC illtcrior of
tllc iIlsiruJncllt IIousi]lg  was found to ran~c frc~)ll  14 1{ to 1.7 1{, corrcs])olldillg  to tllc l]ac.k of the solar sllicld l)cirlg
I)lack or I)arc  alurilil]u IJIJ rcspcctivcly. ‘] ’]IIs worst-c.asc c,ollclitioll  yvc)u]d occur if tllc IIousi]lg  were oriclltcd  so that Ollc
of i’ls s(lllarc sides rcn[lall]ccl il] a fixed ]~osit,ioll, ])arallcl to tllc solar sllicld and facing space, for as ]oIIg as 24 ]Iour-s.
‘J’IIC worst -case  IIousi]lg  gradic)~t  c)f 14 1{ ])roduccd a g,radicllt across tllc fiducial block that was sl[lallcr tllall 1 III]{.
Altcrtlativcly, a steady-state tclo})eraturc gradicl~t as large as 63 1{ wc)uld IIavc  tc] exist across tllc irltcric)r  clf the IIousi)lg
to ])roducc  a 2-rnl{  graclicllt across  tJIc f iducia l  I)lock.  SccolId, twc) tyl)cs o f  tral)sicllt collditio:ls wei-c coI~sidcmd:  a
IIlzi:<ill lllltl-clllratioll l’;arth  oc.cultatioll,  lastiilp;  1 . 8  IIc]urs, and a 180-dcg  irlstrulllcmt s l e w  lastill/; 10 II]itlutcs. (otllcr
])c)ssil,lc tra]]sicllt, collditio]]s, SUC]I  as tllosc c.auscd  by ol]-l)oard tllcr]]lal d]sturl,allccs, wou]cl ltavc IIIUCl I s]l]allcr cflccts.  )
‘1’lIc illstru]]]cllt  s l e w  causccl  tllc g r e a t e r  r.atc  of cllarlgc  iIl tl]crloal gradicllt a c r o s s  tllc instrulJ]cnt IIousillg  - C)II tllc
c)rcl~r of 3.7 1{/llr if tlIc l)ack  of t,l Ic s ca l a r  sllicld is ])aiJltcd  l)lacli  or w]litc. ‘1’lIc c.orrcsl~olIding  rate of cllarlgc  f o r
tlIc  troll], mature gradicllt a c r o s s  the f i d u c i a l  l)lock  would  I)c 110 larp;cr  than 0.1 lnl{/llr. ‘1’IIus,  th is  tllerlliai colltro]
SCIICIIIC a])])cars suflicicllt,  for loaillt,ainillp;  t,hcrlllal stal)ility of tllc fiducial l)locks  to wit]liu tllc desired several III]{ over
c]l~scrvat,ioll iJlt,crvals  of scvcra] IIc)urs, ,Si I]lilar, tllougl) ]Jrc)l)al)ly less  colll])lic.atcd, control scllcrnes Woulcl  lJC Uscxl f o r
otl)cr cr i t ical  o])tical clcllicllts,  suc.11 as tlIc l)ealtl-sl~lit)tcr  asscnllllim.

6. SYS’J’1Ohfl  S IS SLJI;S

‘1’IIc l)asclinc sclcctio]l for  tlIe I’OIN’I’S  laullc.11 vcllic.]c is (Jcvlcral  l)ylla~)iics’  A t l a s  l I A S  wit])  a [;c)ltaur u])pm
stage aIIcl a Star 37PM  (rl’ltiokcd)  solid-rocket IIlotor fo] orl]it, circ. ularizatic)li. ‘J’liis corlil~i]lation  is ca]mh]c of dclivcril]g
~olayloa(l of a])l)rc)xililatcly 175~,kg  tC] a loo,000-kill-raclills” circular orl)it, (’1’llis i]lcludes a co]lscrvativc  clccluc,t,ioll of
/A, of tllc Atlas-( k]ltilur ca])al>lllty  for various corltillgcl~c.its, in additioli t o  tllc 99(KCOIIfidCIIC. C l“ligl)t  l’crforlllal]c.c
l{cscrvc.  ) ‘J’lIc })ayload  c.a]~ability  is olIly  a slowly varyiJIF: futlc{io]l  of tile orl)it altitude. ‘1’IIc currcllt,  l,cs( cs~illlatc for
tlIc  I’OIN’I’S  ])ay]oad  is abc)ut, 1250 k!; (S C C  ‘J’al)]e 1), W] IICII ]cavcs a gellcrous  (- 40%) drsign Inargill.



‘“J’lIc il]itial lJJUIICII  c)f 1’OIN’1’S wi l l  l)c iIlto  a trmlsfcr orbit wit]]  aII altituclc  of a]lproxilIlatcly  167 k[[l, af ter  wtiicll
tlIc  (;mltaur u])]~cr stage will I)c fired to i]lscrt l’OIN”J’S into a]} clli])tical trallsfcr orl)it with all ap:g;cc of apl)roxitllatc]y
1 0 0 , 0 0 0  k]n. Follcnvillg  sc])araticm from tlIc (;mltaur, tllc solar sllicld will l)c dc])loycd  partially III order b ])rcwidc  a
rcquird I)owcr  of a]~]jroxilnatdy 340 Watts duri~lg  tl)e  17-lJr cruise t,o tlIc  100,000  -kit-1 r a d i u s ; tllc s])ac.ccraft will bc
3-axis- stal)ilimd duriIlg this long cruise .  Just, ]~rior to igniticlll  of tlIc  Siar 371(’Nl  for qrhit circ.ularixatiml,  a st[lall slli]l-
uj) solid ll~otcrr will be fired to })roviclc a spin rate of a few R1’lvl for tllc 60-sccolld  c.lrc.lllari~,atioll  burl], a]ld  a silllilar
]notor will hc fired following, tllc c i rcular izat ion to dc-sj)i]l  tlIc  sl)acec.raft, wllidl the])  will I)c rctur]lcd to its 3-axis
st, al)ilizccl  II Ioclc. 11’ollowillg,  tllc c.irc,ularizati  ollj t}Ie Prc)])ulsioll  tIIcIdulc will I)c jcttisollcd, ancl dc})loylnellt  of t}Ic s o l a r
sllicld will IN2 c.olm)lckd.  Givw tk lna~;nitudcs  of the cxpcctcd  errors  il~ Lot]) the orbit-injection and c.irc.u]arizatio]l
I,urlls, tllc ],erigcc allcl a])c)gcc slIould be witllil~  5% of tllc llol[liIlal  va lues ,  c.olll])lcicly  within  the ac.ccl~tal]lc  rallgc f o r
tllc I’OIN’J’S  ]nission.

‘J’IIc illc.lillatioll of tl)c cmbit with rm]~cc.t to t]lc ccli])tic will influence the oc.cultatio]l  history c)f tlIc spacm-aft;
IIigl)cr  illclinatio]ls wi l l  reduce tlIc lcngt]ls  of tltc occultatic)]t s e a s o n s . lr)clillation wit]) rcs])cct to tlIc  e q u a t o r  i s
dctcr)l]incxl  OIIIV I)y laullc.h  s i t e  and  clircc.tio~), w]lilc  illclillatiot)  with respect to the dil)tic also dc])cllds 011 laullcll
d a t e  and tilnc. “1’llc inc l ina t ion  to the ecliptic call  I)c c.liallgcd at laul)c.]1,  at trallsfcr-orbit illscrtionl or at tlIc til]ic of
or-l)it circ.lllari~,atic)ll:  a cllaugc requires  tlIc least mlcrgy  if ])erforlrlcd  at tllc ti]llc of orl)it circ~]lari~,atic)ll.  At that tit[~c,
a clIalIgc  i]) illc.lillatloll of 15 dcg  would cause a ])cllalty of al]out 25 kg ill dclivcrccl  ]~ayload,  wllilc  a cllallgc of 25 deg
wound ]ead to a I)cvla]t:y of a])out 65 k g .

6 . 2  I’OWC:l” rXXJllil’c)llc!lks

‘J’IIc currcmt cstil[latc for tllc 1’01 N’J’S power c.ollsu)ll})tioll  is a I)cak ]jcwwr of 670 Watts al~d all average p o w e r
of 6(10 watts, iIlc]udi  Ilg a ?b~o Colitirlgmcy ilt c!ac.]1 case, A 4.&)lt-diallmtcr circular solar ~,ancl with silicon CCIIS arid
a lc)l~-cl[littal)c.e  rxar sur face  would  prc)vlclc all c)])cratil]g  tc]ll])craturc c)f 100 clcg C;, at w]licll  tcltl}]cratlure the array
could ])rovidc 800 Watts after 10 years ofc)])cratioll.  (C;allitlrll-arsclliclc cells could  ])rovidc  rlcarly twit.c as lIlucll  ])owcr
lIut do lIot a])])car to bc required .  )  ‘J’lIus, tlic size of tllc solar sllicld is dd,crlllillcd  by rcquirclllcxlts C)JI slladi]lg tllc
s])acecraft a]ld  t a r g e t  acccssil)ilit,y,  ratllcr tlla]l ]]owcr  rcquirctllmlts, ‘Iwo  Nil]  Lattcrics providi]lg a c.oll]l)illcxl ca])acity
of  3200  Watt-]lr IIavc lICCII assu]ocd; a disc} large of ICSS tl)a]t  40”A) would  bc rwquircd  for full o]]matioll  CVCJI  duri]lg tllc
]I)axilnul]) Sl]i)-c)ccl]ltatio]l tli]oc c)f ap])roxiloatc]y 1 .8  IIr. III ct)lcrgcllcics that  cause tllc sl)acccraft to go illtc~ a safill:;
ltlodc’ and Scarc]l  for t]le SUJI,  fu]]-power o])cratioll of tllc attitude- contro], tc]clnc’try,  and c.o]nputin:;  Suhsystcvlls  cou]d
I,c II)ai)ltaillcd  for as long  as tell IIours  wit]lout solar ],owm,  with o])cratic~ll at a lower  ])owcx },ossil,]c  for a lnucll loligcr
I,criod,

6,3 Sl)accc.raftj wlocity dctcmnillaticni

‘J’IIc right- angle  oricmtatio]l of tllc two l’olN”Jfi i]ltcrfcrollic(crs acc.eI~tuatcs  tllc IICCCI tc) correct astro][ictric lrtea-
surc)llc]lt,s  f o r  t,}lc cflcct of  st,cllar aljcrration, wllic.11  ])rodllccs an e r r o r  ill a]lgular mcasurcl[lcllt)s t h a t  scales lillcarly
wi[Jl t)lc sl]acccraftl vc’locity  and tlic si])c  of t)lc  al)glc ))rtwcmJ  stars. IJ] order for t,llis crrc~r t,c) l)c s)llallcr t,llall 1.0 I/as,
tllc I’OIN’1’S s])accc.rail vcloc.ity  11-Iust  bc clctcrl)li]lcd  to l~cttcr tllall 1.5 II IIO/S; iIl fact, tlIc strategy dcscril)cd b e l o w
is ca])al)lc of clctcrl]li])illg tlic sI)ac.ccraft vdoc.ity to better tlla]l 0.6 111111/s (0.4-l/as error c.olltril)utioll).  III llip;ll  l{;art]l
or])it, tllc l~ri)llary  cxtcrmal source of disturb allc.  c to tllc s]~acccraf(  accclcratioll is solar radiatio Il I)rcssurc, tltc d’ects
o f  v,~l)icll call  IJC ]Iioddcd q u i t e  acc.uratc]y f o r  tllc nottlillal  1’OIN’1’S co]lfiguration. 1’XTCC.(S  frc~l)l  atlnc)s})llcric  d r a g
altd aIIOIJla]i  CS ill l;arth’s gravitatio])a] f i e l d ,  wllic]) doll!illate tllc u] IJIIodc]cd s])accc.raft  accclcratic]ll ill low orl)its, arc
IIcg!ligil)lc. (:alculatic]ll  ssllow that the ty~)ic.al rat,c  of lcakagcfrolli  tllc col{l-gassystc][l also will give sltlall ac.cclcratiolls
cc)lll]~arcd to tlie ullc.crtailltjics ill tllc ac.c.clcratioll  d u e  tc~ sc)lar radiatic)ll IIrmsurc.

At a  radiusc)f 10(),000  kttl, I’OIN’I’S  would  IJCWCI1 outsidct  llcc. ollstcllatioll of(;lol~al l’c,sitic,llill~Syste]tl  G1’S()
satc]]il,cs (NZ7)I)()() k)l~ Or])i!,a] r a d i u s ) .  A]t])ollg]l  t]lis IJ]akcs  it iIll]]ractical  to dctcrll]i]lc vc]ocit,y  by USIJIg all 011. ~oar’d

(;J’S rcc.civer,  tllc alternative of l)aving  l’OIN’l’S  IIlilllic  a G1’S  satellite is l,rcclictd  to lilcct tl)c velocity rc(][lircJIlcllts.10
I’OIN’1’S  WOUIC1 carry a G1’S-l ike l)cacc~ll  IIaving  ]Ilulti],lctclllcx  ill tllc frequency ranges of 1.2- 1.6 Gllz (1, l)alld) or
llcar 15 G]lz (Ku I]alld).;  tllell~tllti])lctollcs arcuscc] tocorrcct foriollos])llcri c.cJTcc.ts. ‘JIIIC bcaco]]  w o u l d  I)c trac.kd by
[ip,llt-c.l)all]icl  G1’.S rcc.uwrs located armu]ld  tllc world, wit,ll cac.11 rcccivcr sitl~ultancous]y tracking SCVCII (;1’,S satel l i tes
and I’OIN’1’S.  Usillgo]lly the six ‘J’01’I’;X sites and track ing  for c)]tly two IIcmrsout ofcvrry cig;llt, tl]c  ]Jrdictcd velocity
error for I’OIN’J’S  WOIJ](]  bc about 0.1 llJln/saftcr a si]lg]c  four-da? orl)it. l;VC]I after anot,]lcr  six days wit]lout tracking
data, tl)c ve]oc.ity  u]lccrtainty  would gJcm’ to oII]y 0 . 2 5  ]liIn/s, stl]]  Inccting t h e  rcquirc]r)cllts. ‘J’]Ius, it is  ]ikc]y  l])at
tllc I’OIN’J’S  vdocity rcquircll)cnt,s could l)c ]nct wil]l  a t,racklllg duty cycle u]lclrr  10$%.

‘I’llcsI~ac.cc. raft andp;rouncl  }lar(ll~’arcrccltlirccl  for tllcc)rl)it [Ictcr]lli]]atic,l]  }vc,lllcl  l)rsi]ll])lc. ‘1’llcs])acccrafi would
I)roadcast a low-] lower signal (I)roadcast, }Jowcr of a])proxilllatc]y  1.5 W a t t s )  tllroug]l ol)c of a ])air  c] fswitcllcd c)lnl]i-
dircc(ic)llal (3 d]]) a n t e n n a s .  Sillc.c ol[llli-(lirectiollal  alltcn]las could  I)c used,  tllcrc w o u l d  I)c lIo Ilccd to itltcrru])t tllc
s c i e n t i f i c  ol)scrvillg to ])oi]lt  tllcwc alltcmllas at tlic l’;artll. Occ.asiollal  illtcrru])tiolls ill tllc l)cacoll  Sigtlal  wwutd l)c
rcqllircd ill c)rdcr  to change  frolli onc antclllla to tllc other, I]ut, this is of little co])scqucncc  g;ivcll tllc low rcquircltlcllt
for  tllc overall trac.ki]lp; duty cycle. Siljll,lclilc,clclirtgc,f tllc alltclt]ta ])ositio])  rc]ativr tc, tllr s])acccraft c.c]ltcr of Illass



s]loluld suflic,c to rcduc.c  all  ljcac.011  data to t,l Ic ]Jro})cr rcfcrcllcc fra~tlc.  All u]tra-slah]c cmi]]ator wit]l  frcqucvlcy  stal~ilit,y

fif/j X 7 x 10’ 1] over  ol)c scco]lcl (or  7  x  10 - ‘2 at Ku I]al]d)  is rcc]uirccl oli b o a r d  to c]lal~lc a cc,llercllt  iTltc~ratiol)
t,illic  of aljout ollc. sccolld, w h i c h  sl)ould h a d e q u a t e  to dctxcl tllc I)cacmi  signal. ‘J’}Ic to ta l  IIlass of t,lIc sJ)accc.rafL
IIardwarc would  I)c about,  5 kg, wit])  a total ])owcr  corlsullll]timl of 20 Watts. If tllc standard (;1’S  IJ-l)a]ld  cllan]lcl  wcm
c]])])loycxl, ofl~tflle-sllclf  (;1’S  rcmivcrs wi th  ollllli-clircctic]llal  alltmlllas  c o u l d  I)c u s e d  o]] ihc gi-oulld.  USC of l{u band
would rcquirw  ]]rovisioll  of ground  alItclIllas w i t h  al)out 20 cl]] c)f .gaill (corrcs])onclillg,  to bcalnwidtlls  011 tllc c)rdcr  o f
15 dc~; , or alltcl])la  Clia[ttctcrs  o]) LIIC orclcr  of 10 c]]]) Lllat wc)uld  ]Jrcwidc ttlr ill])ut  tO C)IIC  c.hallllcl  c)f cacll  G1’S rccciver,
a  rclativc]y sil]lplc and illcx])cllsivc addition to cac.11 groul]d  olwcrvillg  statio~l, III tliis case, it Ivc)uld bc. IIcc.cssary  t o
cst,iltlat,c  t]lc clc]ay  lJCtWCCIl  tllc l{u- and 1,-l)alld  sigilals ill tllc ground rcccivcrs, wllic]l ]nay bc tllc larp;cst  C.olltril)ut,or
t,CI {,IIc vc]oc.it,y error quoted al~ovc.

6.4 ‘J’(!lcllldl’y a n d  data Stc)ragc!

I’OIN’J’S  will  IIavc  two dctcc.tor a r r a y s  f o r  cacll  of t)lc  twc] illtcrfcrolnct,crs. ‘J’llc curmlt ])ro]josal is that cacll
dctcclor bc diviclcd  into 6 5 0  o p t i c a l  frcqucllc.y  l)allds.  If tllc plIotoII count frolt)  cacll  I)alld  is accull~ulatcd  f o r  oI~c
scco]ld  and stored as a 16-bit IIullll)cr, the itltcrfcrolllctcr data rate would hc a]~I)roxiillatcly  42 kilolJit/s, with a total
data ra te  of  al)c)ut  50 kilol)it/s aft,cr  adding 20”A, to ac.coullt, for  ]Ilctrolc)gy  data atlcl o t h e r  ovcrllcad.  ‘J’lIc spaccc.raft,
scicllc,c  data w o u l d  bc dowlilitlkcd daily for an ltour or ICSS, Assul[lirl~;  15 IIours  ]Jcr day  of  actual olmcrving and a
mlc-llour  downlillk,  tlic required tclclt-lctry rate (with ~Io data colll]lrcssloli) would I)c 750 kilol~it/s.

All S-l)altd (2.3  -(~llz) (lo\vllliIlk  fro~l~all  o]tl)li-dircctiollal  a]ltclllla  isasslllllccl. ‘J’woswitcllcd al~tellllas, locatcxl  011
ol)lmsit,c  sides of tlic spat.ccraft, WOUICI bc used. If the dowlllillk  c]ccurs  during  all olmcrvation scquc]lcc, it would IIC
ncccssary to switc.]1  I) CIIWCCJI  tl)c two a~ltcllllas  occas ional ly ,  itlcrcasi]lg;  tllc total til[lc rcquirccl  for LIIC dowlllink by u])
to a fcw IIlillut,cs])cr  day. Altcrllativcly, sitlcc  o]lly  C)]IC IIour  c)f cac.11 day would  I)c requi red  for  tllc data downlil)k, it
a lso  WC)UIC1  }JC IJossil)lc  lo stop olmcrvatio~ls  to ])crforll]  IJotl) tllc u})lillk and [low~llillk as well as to acquire a sulmtal]tial
quatltity of orl)it-clctcrlllirlatic)ll  data.

'l`l]cg;rc~llll clrcc.civillg  al~tcl]l~asf  ort]let clc]llctry\$' c)~ll(ll)c tllcstall(larcl l)cc])S]~acc Network (I)SN 26-r[~alltc.llllas
)used for ]IIF;]I ]’;art]l  orbiters; t]}csc antclll]as arc ]ocated ill (;a]ifc)rl)ia,Sl)aill  atld Australia. ]{’or a 2-c]]] c]ssillsig;flal-tc)-

IIoisc  ratic)  relative t,c~ t“tlat for a c.lcar,  dry atrllcwpllcrc,  a tral~s]j~ittcd  ])cmlcr of 7.5 Waits would  be adequate to ])rcwiclc
a l)it error rate less tl]ml  1 0- 4, CVC]I with silll}~lc q(laclratllrc- j]llasc-sllift- kcyi]lF, (QI’SI{) l[lodulatioll.  (Wcat]lcr s e v e r e
cllougll  to cause a loss of 2 cl]] or lnorcsllou]d  occur less tliall 5(Z1 oftllc (it[tc.) Wit])  tllcsalllc trallstnittcd I)owcr  altcl
a  2.;)- o r  8- GIIY dc)wlllil]k  to  tllc SULIICIL o f  11-1]]  alltcnllas currcllt]y hci]lp; c.c)llstructcd  by tllc l).SNT, a ])lIMCC1 a r r a y
or slllall fixed alttclllla would  bc required witli a bcal[-twidtl]  0]1 tllc order of 30 dc.p; (or larger, if ltlorc so])llisticatcd
data c.oln}]rcssiol)  and lt)odulation sc.hc]]lcs  were  USCCI).  A ~IlaxilIlul[l  c]f o~le ][our  ]Jcr day w o u l d  bc requi re .d  for  tllc
data dowlllillk; if a plIascd array were  ]]laccd  o]) tllc outs ide  of  tllc illstrul[jcllt IIousil)g  o])})ositc  tl]c  sllac,ecrafL  b u s ,
tllc dowlllillk rcquircItlcllt IIlip;llt bc rccluccd  to s e v e r a l  I[lirlutcs  ])cr d a y . ‘J’lIc llip;ll l;artll orl)it ofl’crs a loIIg  p e r i o d
of  visil)ility  for cacll  ground station; this },rovidcs  flcxil~ility  ill scllcduli)l?;  tl~c dowlllillk, rcduccs C.c)llflicts  wit,]l o t h e r
IIlissiolls, IIlirli)[]izcs  tl]c  ovcrllcad tiinc rcquird for ground- statiol] Sctu])j allcl avoicls  c)pcratiol]al ]Jroblcllls assoc. iatcd
wit]l  a ]iccd for l)lulti])lc dowl~lirlk sessions cacll  day over a 5- to IO-year IIlissioll.

\fTitll the  al)ovc sccllario for  tclclnciry  tralls~tlission, at  least  olIc day  of  scimlc.c data  Iliust be rcc.ordcd  0]) tllc
sl)acccraf[,, At ,  a  dat,  a rai,c  of 5(J kilol]it,  /s for  15 ]Ir,  t])c tc)tal quantity  o f  d a t a  ac.cultlulatccl ill  a sitlg,lc d a y  WOUICI  be
al)out  340 l]lc~al)ytcs.  ‘I’l  Ius,  tllc hasclillcof  500 ljlcgal~ytcso  fsolid-stat,c  lllclrlor~ that IIas I.)ccll selected for tllc [;assilti
]Ilissioll  also would  bc <i g o o d  clioic.c fcm I’OIN’1’S. S t o r a g e  ca])ability  could  I)c IItl]lrovcd  l)y il)crcasillg  (IIC allloullt o f
so]i(l.  st, at, c IIlcll)ory or l)lal]llillg solnc owboard data col[l]]rcssioli,

7 .  A(:I{N[)W1,lI;I I(JMI;NTIS

‘WC g;ratcful]y acktlowlcdgc t,l]c tccl)nica] cc)lltril)~ltic)lls  o f  ~. l) UlllI) 11. IIaillcs, S. IJiclltcll, (;. l’cllg,  {;. Sicl)cs,
1).S])cl]ccr,  Al. l~illc.cllt,  a]ld  1,.}’o~]llgtotllc~tork  dcscril)cd IIcrc. It. IIartrllall, (;, IIri.ggs,  IL. l,askili, and G .  Scvastoll
of Jl”l, also IIave  sul)])licd  uscfu]  guidallcc a~ld su])l)ort, for  wllicll  wc tlla!lk t,llclll, \$rc also arc grateful to t,}lc lllcl)il)crs
of SA()’s I} OIN’l’S  tca]]),lcd l)y IL, ltcasclll~crg; tllcir co]ll~t~cll{sa]lcl i]ltcract,ic~l]  slla~~cl]ccll  cxtrcltlcly useful tllrc~ugllout,
tllc course of tllc J]’], studies. ‘J’llis work IIas I,CC]I ]Icrforjttcd I,y tllc Jet, ]’ro])u]sio~l  ],al, orat,ory, (;aliforllia ]Ilstltut,c
o f  ‘J’cc.]lllo]c)gy,  urlder ccllltract wit]l  t]lc Natic)l]al  Acrmlautics and S])acc: Acltllilli  stratiotl.
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